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ABSTRACT 
 
In recent years, the importance of gas hydrates has significantly increased because of 
their role as the main flow assurance problem in the oil and gas industry and as a 
potential energy resource. In addition, carbon dioxide capture geo-sequestration into 
sediments in the form of gas hydrates has been proposed as a promising approach to 
reduce anthropogenic greenhouse gas emissions. In this context, gas hydrates 
formation/dissociation in bulk and porous media have been evaluated. Thus, the work 
presented in this thesis constitutes three main parts, all related to gas hydrates. In the 
first part, we examined the formation and dissociation of different gas mixtures 
containing methane, carbon dioxide and nitrogen in bulk. Hydrate equilibrium data 
were measured using a stirred cryogenic sapphire cell together with recording of the 
motor current changes during the hydrate formation/dissociation process. The results 
showed that the hydrate equilibrium conditions vary depending on the composition of 
the mixtures.  The van der Waals-Platteeuw thermodynamic theory coupled with the 
Peng-Robinson equation of state and the Langmuir adsorption model were used to 
correlate the hydrate equilibrium data. The calculated values were compared with the 
obtained experimental results and discussed in terms of cage occupancies and the 
possibility of structural transformation. A new empirical correlation for the prediction 
of gas hydrate equilibrium temperatures was developed, which showed a good 
agreement with the experimental measurements.    
In the second part, the effects of hydrate formation on the compressional wave 
velocities of sandstone were investigated experimentally. Hydrate was formed using 
tetrahydrofuran (THF, as a liquid hydrate former) through CO2 injection into partially 
brine-saturated sandstone. Noticeable differences were recorded due to hydrate 
formation in sandstone. The behaviour and interaction of both hydrates (THF and CO2) 
with the host sediments are discussed focusing on the effect of different pore space 
fillings on the measured acoustic velocities. 
In the last part, we imaged the distribution of CO2 hydrate in sandstone, and 
investigated the hydrate morphology and cluster characteristics via X-ray micro-
computed tomography at high resolution in 3D in-situ. A substantial amount of gas 
hydrate (17% saturation) was observed, and the stochastically distributed hydrate 
clusters followed power-law relations in terms of their size distributions and surface 
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area-volume relationships. These fundamental insights will aid large-scale 
implementation of industrial carbon dioxide geo-sequestration projects via the hydrate 
route. 
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 Introduction 
 
 Introduction 
Natural gas hydrates in the petroleum and gas industry often have negative 
connotations as they are most commonly encountered in their bulk form as a flow 
assurance problem. Gas hydrate formation is responsible for obstructing flow lines and 
gas production equipment which poses catastrophic economic and safety risks. The oil 
and gas industry spends millions of dollars each day on inhibiting and preventing 
unwanted gas hydrates (Max et al. 2005). Once hydrate blockage has occurred, safe 
dissociation could take weeks or even months with complicated operations required to 
remove the blockage (Kelkar et al. 1998).  
 Extensive research projects have been performed for better mitigating the 
complications caused by hydrate formation. Figure 1-1 shows the growing number of 
gas hydrate-related publications over the past 20 years and demonstrates the increasing 
interest in gas hydrate research. 
 
 
Figure 1-1 Gas hydrate-related publications over the past 20 years (Library 
catalogue database, Curtin University) 
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Attention is now growing towards the potentially huge energy resource stored in the 
naturally occurring hydrate deposits. Because of their ability to concentrate and store 
gases, the estimated reserves of methane stored in natural gas hydrate deposits are vast 
and huge (Kvenvolden 1988), which exceeds the entire combined world reserves of 
oil, natural gas and coal (Makogon et al. 2007, Moridis 2008), as shown comparatively 
in the resource triangle in Figure 1-2. Simultaneously, the demand for energy sources 
(e.g. for natural gas) is increasing (Dudley 2013, Al-Fatlawi et al. 2017) especially in 
countries who are heavily dependent on energy imports due to the lack of their own 
natural resources, such as China, Japan, and India (Takeishi 2014). Therefore, the oil 
and gas industry is now looking towards commercial production of gas from hydrate-
bearing sediments, and preferably to combine this process with the sequestration of 
carbon dioxide. The importance of hydrate as a prospective source of energy has been 
estimated by identifying the distribution and  concentration of hydrates in their host 
sediments (Priest et al. 2009). The occurrence of gas hydrates can be detected using 
seismic surveys and well-logging data (Jones et al. 2008), which must to be calibrated 
using laboratory acoustic velocity measurements. 
 
 
 
Figure 1-2 Relative volumes of hydrocarbon resources (Dong et al. 2012) 
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Gas hydrate formation in porous media is of essential importance for understanding 
the properties of the hydrate-bearing sediments and for its potential role in seafloor 
stability, drilling hazard, and mitigating climate changes by decreasing CO2 emissions. 
Because of the metastable behaviour of natural gas hydrates, the description of their 
in-situ occurrence via the retrieved real samples has been a challenge. Maintaining the 
actual equilibrium temperature and pressure is not feasible due to the possibility of 
hydrate dissociation during core sample recovery. Thus, gas hydrate occurrence and 
distribution in sedimentary matrices is still not sufficiently explained, and thus their 
microstructures and morphology remain unclear.  
 
 Thesis Scope and Objectives 
Research relating to gas hydrates in bulk and sediments is of the utmost importance to 
the energy industry. Gas hydrates have been identified as a flow assurance problem 
that threaten natural gas production facilities and transport pipelines causing high 
economic losses and safety risks. Therefore, an accurate measurement and  estimation 
of gas hydrate equilibrium conditions for different gas mixtures is of significant 
importance to avoid these transport complications. In contrast, gas hydrate has been 
proposed as a promising energy source (Chong et al. 2015). Thus, the increasing 
demand for energy resources (e.g. for natural gas) encourages the research on the 
production of natural gas (the main gas here is methane) from hydrate deposits.  
Simultaneously, CO2 emissions into the atmosphere have increased significantly 
(Pachauri et al. 2014), which has led to increasing global temperatures (global 
warming) and thus climate change (Houghton et al., 2001). Thus, decreasing the level 
of CO2 emissions is essential for mitigating climate change. One solution suggested 
for achieving this is to capture and sequester CO2 in the form of gas hydrates (Orr, 
2009; White et al., 2003; Yamasaki, 2003). This process may be combined with 
methane production via CO2-CH4 replacement in methane hydrate-bearing sediments 
(Ohgaki et al. 1994, Graue et al. 2008). In addition, hydrate morphology, distribution 
and saturation in a porous medium significantly affect seismic velocities 
(compressional and shear velocities) and other petro-physical properties (Waite et al. 
2009). 
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Consequently, the pore-scale characterisation of hydrates in their host sediments and 
knowledge of their physical properties are vitally essential for exploration, monitoring, 
implementation of hydrate-carbon dioxide geo-sequestration (CGS) and hydrate 
exploitation as an energy source. However, experimental data for hydrate formation 
and existence in bulk and sediments is limited despite their vital importance (Tohidi et 
al. 2010, Ta et al. 2015). 
The main aim of this research study was to establish a good fundamental understanding 
of gas hydrate formation/dissociation, quantification and detection in bulk and porous 
media. The following points describe the specific objectives of this research: 
1. Obtaining new experimental data of gas hydrate formation from various gas 
mixtures and investigating the effect of each gas composition on gas hydrate 
equilibrium conditions. 
2. Developing a thermodynamic model and empirical correlation for the prediction of 
gas hydrate equilibrium conditions. 
3. Investigating the distribution and morphology of gas hydrate in sandstone samples 
via X-ray micro-computed tomography in 3D in-situ and analysing the 
corresponding hydrate microstructures. 
4. Studying the effect of pore volume and hydrate saturation on the acoustic velocity 
of the hydrate-bearing sediments.  
 
 Structure of the Thesis 
The structure of the presented thesis comprises eight chapters, including the 
introduction, an extensive literature review, results and discussion (experimental and 
computational studies), conclusions and recommendations. The structural framework 
of the thesis is presented in Figure 1-3. 
Chapter 1 – Introduction provides a summarised introduction of the background and 
general issues encountered with solutions regarding gas hydrate formation in bulk and 
sediments. This chapter also includes the research scope, objectives and thesis 
structure. 
Chapter 2 – Literature Review presents a comprehensive review and basic knowledge 
of the various aspects of gas hydrates including the historical background, structure 
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and thermodynamics of hydrate formation, gas hydrate applications, natural 
occurrence of hydrate and hydrate in sediments.  
Chapter 3 – Experimental Methods outlines the experimental systems, procedures and 
materials used to achieve the aims and objectives of the study. 
Chapter 4 – Experimental Determination of Hydrate Phase Equilibrium for Different 
Gas Mixtures Containing Methane, Carbon Dioxide and Nitrogen with Motor Current 
Measurements. Journal of Natural Gas Science and Engineering, 38, 59-73 measures 
gas hydrate equilibrium conditions for different gas mixtures using PVT cryogenic 
sapphire cell and assesses the motor current as a criterion for gas hydrate formation 
and dissociation. 
Chapter 5 – Thermodynamic Modelling and Empirical Correlation for the Prediction 
of Gas Hydrate Equilibrium Conditions. OCPC-RE0023-2017 and OTC-28478-MS 
develops a thermodynamic model and empirical correlation for the prediction of gas 
hydrate equilibrium conditions.  
Chapter 6 – Experimental Pore-scale Analysis of Carbon Dioxide Hydrate in 
Sandstone via X-Ray Micro-Computed Tomography. International Journal of 
Greenhouse Control, 79, 73-82 shows imaged CO2 hydrate distribution in sandstone, 
and investigates the hydrate morphology and cluster characteristics via X-ray micro-
computed tomography in 3D in-situ. 
Chapter 7 – Ultrasonic Measurements of Hydrate-bearing Sandstone. Accepted in the 
International Journal of Hydrogen Energy measures the compressional wave velocity 
(P-wave velocity) of consolidated sediments (sandstone) with and without tetrahydrofuran 
and carbon dioxide hydrate-bearing pore fillings using the pulse transmission method. 
Chapter 8 – Conclusions and Recommendations presents complete conclusions with 
significant results from this thesis and provides recommendations for potential future 
work. 
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 Literature Review  
This chapter presents the basic knowledge related to gas hydrates concentrating on the 
aspects related to this research work. A brief  historical background involving hydrate 
discovery and the important steps in the development of gas hydrates research are 
presented in section 2.1. The description of different hydrate structures and some 
properties of gas hydrate are summarized in section 2.2. Thermodynamics of hydrate 
formation and dissociation are presented in section 2.3. The gas hydrates importance 
and applications are discussed in section 2.5. The natural occurrence of hydrates in 
sediments are discussed regarding the gas hydrates morphology, their effects on the 
physical properties of gas hydrate deposits and the visual observation of hydrates in 
their host sediments are presented in sections 2.6 and 2.7. 
 
 Historical Background of Gas Hydrates 
Gas hydrates (clathrate hydrates) are solid ice-like, non-stoichiometry crystalline 
structures that exist naturally in the presence of water and certain guest (gas or liquid) 
molecules such as methane, carbon dioxide, nitrogen, ethane, propane or butane for 
gases (Sloan and Koh 2008), and ethylene oxide and tetrahydrofuran (THF) for liquids 
(Koh 2002). Gas hydrates are typically formed and are stable under elevated pressure 
conditions at temperatures above the freezing point of water and up to 25 °C if hydrate 
former molecules (i.e. gas or liquid) and sufficient amounts of water are available 
(Sloan and Koh 2008). The water molecules are known as “cage” whereas the hydrate 
former molecules are called “guest”. Figure 2-1 shows the ice-like appearance of 
methane hydrate. 
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Figure 2-1 Ice-like appearance of methane hydrate; after (Giavarini and Hester 
2011) 
 
 
Historically, the first observation of gas hydrates was made by  Joseph Priestley in 
1778 while he was bubbling sulfur dioxide (SO2) through water at low room 
temperature and atmospheric pressure (Koh 2002). This discovery was the first 
identification of gas hydrates; however, it was not officially documented until 1810 
when Sir Humphrey Davy noticed a similar  crystal structure, now called gas hydrates 
while he was working with chlorine mixtures (Faraday and Davy 1823). The 
hydrocarbon hydrates were proven in 1888 by Villard (1896) who discovered several 
hydrocarbon gases that formed hydrates such as methane, ethane and propane. By the 
end of the century, many researchers had studied gas hydrates particularly in terms of 
their discovery and observation of hydrates of various gases (Roozeboom 1885, 
Villard 1888, Pickering 1893, Villard 1896). The industrial importance of gas hydrates 
was established in 1934 due to the discovery that the formation of  hydrates was 
responsible for plugging gas-transmission pipelines (Hammerschmidt 1934).  
Since then, a considerable amount of research has been focused on studying the 
formation conditions, composition, kinetics and structures of gas hydrates to inhibit 
and prevent the blockage of pipelines. Extensive efforts in this area have demonstrated 
how to manage flow assurance issues and to consider the initial applications of gas 
hydrate inhibitors. The next era of the history of gas hydrate studies begun in the 1960s 
when the first occurrence of natural gas hydrates was discovered in Siberia (Makogon 
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1997). Since then, gas hydrates  have been highlighted as a potential energy resource 
and prospective fuel reserves. This important discovery pushed researchers towards 
studying the formation and dissociation kinetics in their natural environments and 
interactions with their host sediments to investigate the possibility of the safe 
production of gas hydrate. Later, it was found that gas hydrate formation required 
specific thermodynamic conditions (i.e. high pressure and low temperature) that 
widely exist in many regions worldwide such as in oceanic sediments and permafrost 
area (Kvenvolden 1998, Kvenvolden and Rogers 2005). Recently, extensive research 
on gas hydrates has been conducted to investigate the potential production  of natural 
gas hydrates. Many countries such as Japan, Canada, the United States and India have 
started to fund programs for commercial gas production from gas hydrate-bearing 
sediments (Lu 2015). The progress and development stages of research on gas hydrates 
are outlined in Table 2-1. 
 
Table 2-1 The progress and development of gas hydrates research since 1778  
Year Source Achievements 
1778 Priestly (1778) Discovery of SO2 hydrate 
1810 Davy (1811) Chlorine (Cl2) hydrate determination 
1823 Faraday and Davy (1823) Chlorine (CI2) hydrate formula inference as 
Cl2.10H2O 
1828 Löwig (1828) Discovery of bromine hydrates 
1829 De la Rive (1829) Inference of SO2 hydrates formula as SO2.7H2O 
1856 Berthelot (1856) First formation of organic hydrates  
1882 Wróblewski (1882) CO2 hydrate reported 
1882 Cailletet and Bordet 
(1882) 
CO2+PH3 and H2S+PH3 mixed hydrate system 
formation 
1888 
1890 
Villard (1888) 
Villard (1890) 
Hydrates of methane, ethane, ethylene, 
acetylene, nitrous oxide and propane hydrate 
discovered 
1896 Villard (1896) Nitrogen and oxygen proposed as hydrate 
formers 
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Year Source Achievements 
1897 de Forcrand and Thomas 
(1897) 
Exploring hydrates of several halohydrocarbons 
found mixed with acetylene, carbon dioxide and 
ethane 
1902 De Forcrand (1902) Utilisation of Clausius-Claypeyron equation for 
the first time to estimate gas hydrate enthalpies 
and compositions 
1925 De Forcrand (1925) Discovery and measurement of xenon hydrates 
1934 Hammerschmidt (1934) 
 
Detection that the formation of natural gas 
hydrates in transmission lines was responsible 
for pipeline blockages 
1940 Fowler et al. (1940) Identification of semi-clathrate hydrates of tetra 
alkylammonium salts 
1941 Wilcox et al. (1941) Development of the K-factor charts for 
predicting hydrate formation conditions.   
1942 Benesh (1942) Using gas hydrates for the first time  as a means 
for gas storage and transportation 
1946 Deaton and Frost Jr 
(1946) 
Presenting summarised data on gas hydrates and 
providing methods for their prevention 
1946 Strizhov and 
Khodanovich (1946) 
Initial prediction of the potential presence of 
natural hydrate deposits 
1949 Unruh and Katz (1949) Three phase (L-H-V) hydrate data for CH4-CO2 
reported 
1954 Von Stackelberg (1954) Identification of sI and  sII hydrate structures  
using X-ray diffraction 
1957 (Barrer and Stuart 1957) Development of a statistical approach for 
determining the properties of gas hydrates 
1959 van der Waals and 
Platteeuw (1959) 
Statistical thermodynamic model depending on 
structure was proposed for calculating hydrate 
equilibrium conditions 
1965 Saito and Kobayashi 
(1965) 
Applying the van der Waals-Platteeuw theory to 
mixtures 
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Year Source Achievements 
1965 Makogon (1965) First observation of in-situ natural gas hydrates 
in permafrost regions 
1969 Ginsburg (1969) Hydrates in geology studied for the first time 
1972 Parrish and Prausnitz 
(1972) 
Applying van der Waals-Platteeuw theory to 
natural gas hydrates and mixed hydrates 
1972 ARCO–Exxon First successful attempt to recover core samples 
containing hydrates from an Alaskan well on 
the North Slope 
1974 Claypool and Kaplan 
(1974) 
Confirmation that gas hydrates exist naturally in 
deep sea and shallow marine environments 
1976  Ng and Robinson (1976) Performing measurements on two-phase 
hydrate equilibrium conditions, three-phase, 
and four-phase liquid hydrocarbons 
1980 Kvenvolden and 
McMenamin (1980) 
Publishing a geological survey of worldwide 
gas hydrate distribution  
1984 Handa et al. (1984) Employing a temperature-scanning calorimeter 
to investigate the thermal properties of gas 
hydrates 
1985 John et al. (1985) Extending the van der Waals-Platteeuw theory 
based on higher order coordination of hydrate 
water shells 
1987 Ripmeester et al. (1987) Discovery of new hydrate structure (sH) 
1988 (Kvenvolden 1988) Estimation of the volume of gas within gas 
hydrates  to be ~ 1016 m3 
1994 Mehta and Sloan Jr 
(1994) 
First reporting of sH hydrate equilibria formed 
from methane and liquid hydrocarbon system.  
1994 Mehta and Dendy Sloan 
(1994) 
Applying van der Waals-Platteeuw theory to the 
mixtures containing methane and larger 
molecules 
1996 Sum et al. (1997) Measurements of the hydration number and 
hydrate composition using Raman spectroscopy 
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Year Source Achievements 
1997 Kuhs et al. (1997) Double occupancy of N2 molecules was 
reported for the first time in the large cages of 
sII gas hydrate using neutron diffraction 
1997 Udachin et al. (1997) First X-ray diffraction study reported for sH 
hydrate structure 
1999 Dyadin et al. (1999) Discovery that H2 and neon gases can form 
hydrates at conditions of elevated pressure (~ 
1.5 GPa) 
2000 Kang and Lee (2000) Proposal of new process for the recovery of CO2 
using gas hydrate 
2000 Uchida et al. (2000) Confirming the occurrence of natural gas 
hydrates below the permafrost region by 
imaging the first hydrate sample recovered from 
Mallik 2L-28 well using  the X-ray CT.  
2004 Camargo et al. (2004) “Cold flow” technique introduced to prevent 
gas hydrate blockage in flowlines. 
2006 Hester et al. (2007) First measurement of oceanic gas hydrates 
using Raman spectrometer at Vancouver Island 
2006 Collett et al. (2008) Collecting of 493 hydrate core samples during 
the first Expedition of the Indian National Gas 
Hydrate Program 
2011-
2012 
Boswell et al. ( 2014) Testing the production of methane from 
hydrates via CO2-CH4 exchange 
2013 Yamamoto et al. (2014) Conducting the first attempt for methane  
production from hydrate deposits in Japan via 
the depressurisation technique 
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 Gas Hydrate Structures and Properties 
Clathrate hydrates are fundamentally composed of two components; guest molecules 
(typically gas or liquid) and host molecules (water). The term clathrate hydrates is 
generated from the Latin origin word clatratus, meaning latticed or encaged. When 
the guest molecules and host molecules exist together under elevated pressure and low 
temperature, the hydrogen-bonded water molecules tend to organise themselves in 
frameworks of polyhedral structures surrounding the small gas molecules (Figure 2-2). 
The water molecules create a structure “cage” that contain the gas molecules. The 
resulting structures (non-stoichiometric ice-like components) are known as gas 
hydrates or gas clathrates. Within the crystalline structure, there are no chemical bonds 
occurring between the water molecules (cage) and the gas molecule whose diameter is 
normally less than that of the cage diameter. Figure 2-3 shows the five different types 
of hydrate cages that are the pentagonal dodecahedron (512), tetrakaidecahedron 
(51262), hexakaidecahedron (51264), irregular dodecahedron (435663) and icosahedron 
(51268) (Sloan and Koh 2008). Those cavities become stabilised when they are filled 
with gas molecules within the hydrate structure (Tse et al. 1993). 
 
Figure 2-2 A stabilising gas molecule (yellow ball) enclosed by a framework of 
water molecules  
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Figure 2-3 Various types of natural gas hydrate cages (adapted from Koh and 
Sloan 2007) 
 
The experimental observation of gas hydrate and ice has revealed that there are several 
distinct differences between them regarding the chemical and physical properties even 
though they have almost the same appearance (Koh and Sloan 2007). However, the 
most distinct property is that hydrate could be stable at a temperature greater than the 
freezing point of water. In addition, hydrate submerges in water due to its higher 
density whereas ice floats on water (Giavarini and Hester 2011). Furthermore, unlike 
ice, the stored gases in the form of hydrates can be flammable when exposed to an 
excessive heat source (Figure 2-4) (Suess et al. 1999).   
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Figure 2-4 Flame of gas hydrate (methane) (Suess et al. 1999) 
 
Generally, the majority of hydrates exist in three distinct structures depending on the 
size of the guest molecules (Sloan and Koh 2008). To date, three different crystal 
structures have been identified in natural hydrates as follows: cubic structure I (sI), 
cubic structureII (sII) and hexagonal structure (sH). First, von Stackelberg and Müller 
(1954) identified the sI and sII structures using the X-ray diffraction testing methods 
conducted at Bonn University. The third hydrate structure, sH was discovered later by 
Ripmeester et al. (1987) using magnetic resonance imaging and X-ray powder 
diffraction techniques. Small guest molecules (size range 0.4–0.550 nm, e.g. methane, 
ethane, hydrogen sulfide and carbon dioxide) form sI hydrate. sII hydrate is generally 
formed from larger guest molecules of sizes ranging from 0.6 to 0.7 nm, for instance, 
propane and isobutane (Sloan 2003). sH gas hydrates can be formed from both large 
and small guest molecules (size range 0.8–0.9 nm). Methane and some additives 
including THF and cycloheptane are examples of sH hydrates formers (Sloan 2003). 
These types of hydrate exhibit structural transitions between different structures (Sloan 
2003). Details of each hydrate structure including the number of cavities, crystal 
structures and hydrate formers for each type are listed in Table 2-2 and demonstrated 
in Figure 2-5. 
 16 
 
Table 2-2 Description of each hydrate structure (number of cavities, crystal 
structure and hydrate formers (adapted from Sloan 2003) 
Hydrate Structure I II H 
Cavity 512, 51262 512, 51264 512, 435663, 51268 
Cavities / Unit cell 2,6 16,8 3,2,1 
Average cavity radius (Å)  
 
3.95,4.33 3.91,4.73 3.91,4.06,5.71 
Water molecules/ Unit Cell 46 136 34 
Variation in radius (%)  
 
3.4,14.4 5.5,1.73 4.0,15.1 
Type of crystal cubic cubic hexagonal 
Example of hydrate former 
CH4, CO2, 
C2H6, H2S,Xe 
H2, N2,O2, 
C3H8,THF 
CH4+ THF 
CH4+ cycloheptane 
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Figure 2-5 Three common types of hydrate network unit structures. The term 
51262 characterises a water cage consisting of twelve pentagonal and two 
hexagonal faces. The arrows characterise the number of unit cells of the various 
cavities. Figure modified from Koh and Sloan (2007) 
 
 
If a single type of guest molecule occupies the cavities within the hydrate structure, 
the resulting hydrate is named a pure hydrate. Examples of the most common guest 
molecules in nature and the corresponding hydrate structures are listed in Table 2-3. 
Methane can stabilise both the small and large cages of sI, whereas molecules larger 
than methane (e.g. propane) are able to considerably stabilise only the large cages of 
sII, and thus form sII hydrates (Koh et al. 2011). However, other large guest molecules 
can be incorporated in sII and sH hydrate structures in the presence of a so-called help-
gas (e.g. CH4) to stabilise the 5
12 and 435663 cages (Giavarini and Hester 2011). In this 
context, the equilibrium conditions for the  existence of  hydrate  vary depending on 
the types of forming gases (Sadeq et al. 2017). 
Furthermore, gas hydrates could also be formed from binary, ternary and multi-
component gas systems. The composition of mixed gas hydrates has a significant 
influence on the thermodynamic stability of hydrates and increasing  the concentration 
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of higher hydrocarbons (e.g. CO2) compared to pure methane that shifts the 
equilibrium conditions to lower pressures and higher temperatures (Sadeq et al. 2017). 
A mixture of methane and carbon dioxide forms only sI hydrate, whereas the binary 
mixture of methane and ethane  can form sI or sII hydrates (each one forms sI hydrate) 
based on the temperature, pressure and concentration of each gas in the mixture (Sloan 
and Koh 2008).  
 
Table 2-3 The most common guest molecules found in gas hydrates (Sloan and 
Fleyfel 1991) 
Guest Molecules Formula 
Hydrate 
Structure 
Cavities 
Methane CH4 sI 5
12, 51268 
Ethane C2H6 sI 5
1262 
Propane C3H8 sII 5
1264 
Butane C4H10 sII 5
1264 
Methylcyclohexane C7H14 sII 5
1268 
Carbon Dioxide CO2 sI 5
12, 51262  
Nitrogen N2 sII 5
12, 51264 
Hydrogen Sulfide H2S sI 5
12, 51262 
 
In addition, certain materials that are in the liquid status at room temperature can form 
hydrates at conditions of low temperatures and atmospheric pressure (Ohmura et al. 
1999). These types of chemicals are of special interest for studying gas hydrates 
experimentally due to their ability to form the same hydrate structures that some of the 
gas molecules can do without the need for high-pressure conditions. Examples of such 
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materials are THF (C4H8O) and cyclopentane (C5H10), which both form sII hydrates at 
atmospheric pressures and temperature above 0 °C. 
 
 Thermodynamics of Hydrate Formation and Equilibrium 
Understanding the thermodynamics of gas hydrate formation is essential before 
undertaking any effort in the field of gas hydrate. Without fundamental knowledge 
regarding the thermodynamics, driving forces and solubilities cannot be fully 
comprehended or the correct operating conditions determined. 
Knowing the minimum pressure necessary for the formation of a small amount of gas 
hydrate at a specified temperature is fundamental in deciding the operating conditions. 
These minimum conditions are commonly referred to as the incipient hydrate 
formation conditions and have been extensively studied. 
Incipient hydrate formation conditions are commonly measured in the laboratory using 
three different types of experimental procedures as follows: the isothermal method, the 
isobaric method and the isochoric method (Sloan and Koh 2008).  
In the isothermal method, the temperature of the system is decreased to a certain value. 
Then, the experiment is started at a constant temperature and pressure above the 
hydrate formation point. Throughout the isobaric method, the system pressure is kept 
constant while the volume varies. During the isochoric method, the volume is kept 
constant while the pressure changes. According to Mohebbi et al. (2012), the gas 
diffusion rates by the isochoric and isobaric approaches are approximately the same 
because the gas consumption rates are equal. These experiments can be repeated over 
a range of conditions to obtain a partial phase diagram. Researchers have known the 
conditions required to form the gas hydrate (e.g. methane) since 1946. Figure 2-6 
illustrates the phase-diagram for methane; the solid line represents the H-Lw-V line 
that connects a series of three-phase (solid hydrate, liquid water and vapour) 
equilibrium points. Hydrates will not form below this line, and the system will consist 
of liquid water and gas in equilibrium. Above this line, hydrates start to form causing 
hydrate-liquid water equilibrium. At any point on the line, the three phases exist in 
equilibrium. 
 
 20 
 
 
Figure 2-6 Phase diagram for methane-water (our work) 
 
 Formation and Dissociation of Gas Hydrates 
 
The formation of gas hydrates is mainly determined by the availability of the following 
fundamental elements: low temperature, high pressure and sufficient amount of 
hydrate former with the existence of free water. However, the requirement for free 
water was later debated by Kobayashi in his experimental studies from 1973 to 2000, 
which demonstrated that gas hydrates can form in the absence of free water (Sloan and 
Koh 2008). In addition, it has been found that other factors enhancing hydrate 
formation include a turbulence source (agitation), nucleation site and water history 
(memory effect) (Moon et al. 2003, Wenji et al. 2009, Obanijesu et al. 2014). 
Moreover, acid gases such as carbon dioxide and hydrogen sulfide are also known to 
promote hydrate formation because they are more soluble in water than the 
hydrocarbon gases (Adeleke 2010). Gas hydrate formation (or crystallisation) is an 
exothermic reaction (i.e. releases heat) and typically includes nucleation and growth 
processes. However, dissociation of gas hydrates is an endothermic activity (i.e. 
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absorbs heat) that causes hydrate to decompose to water and guest molecules (hydrate 
former). 
2.4.1 Gas Hydrates Formation 
The formation process of hydrates can be typically characterised by the following three 
phases: gas dissolution, hydrate nucleation and growth. During the dissolution stage, 
the gas dissolves in the liquid phase until it reaches the point of supersaturation. Then, 
the nucleation period starts at time = teq as shown in Figure 2-7. During nucleation, 
liquid and guest molecules constantly react and vibrate to form small hydrate nuclei 
(clusters). These hydrate nuclei remain unstable until they reach the critical nucleation 
size necessary for continual hydrate growth to proceed. Hydrate nucleation is an 
inherently stochastic process and it is reflected by the induction time required to form 
the nuclei. Standard induction times are dependent on the supersaturation and the 
degree of temperature reduction during the formation process (You et al. 2015). 
 
 
Figure 2-7 Typical hydrate formation stages 
 
Hydrate growth then begins once the critical nuclei size is accomplished. The point at 
which the hydrate clusters become visible is referred to as turbidity point (ttp) as shown 
in Figure 2-7. The time between nucleation and turbidity is known as the induction 
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time. During the growth period, the stable hydrate nuclei that formed during the 
induction time will grow and progressively agglomerate until completion of the 
formation process.  
To date, two major hypotheses for hydrate nucleation have arisen through 
experimental and modelling studies, i.e. labile cluster nucleation and local structuring 
nucleation (Sloan and Koh 2008). In the labile cluster mechanism, which is the more 
accepted conception, nucleation is controlled by the dissolving of gas in the liquid 
phase along the liquid-gas interface where the gas molecules create local structuring 
of the neighbouring liquid molecules into clusters. Such clusters arrange themselves 
and agglomerate because of the reduction in free energy. The number of coordinated 
labile clusters varies based on the type of dissolved gas in the aqueous solution (Sloan 
and Fleyfel 1991). When the labile clusters come in contact with each other, they start 
to agglomerate through the face or/and vertices sharing. As discussed above, when 
these clusters achieve a critical size, the hydrate nucleus is formed as a larger and more 
stable structure and are able to start the growth period (Sloan and Fleyfel 1991). Figure 
2-8 shows the stages of nucleation according to the labile cluster mechanism. 
 
 
  
 
Figure 2-8 Labile cluster nucleation model (adapted from Sloan and Koh 2008) 
 
 
In the local structuring nucleation, the gas molecule is absorbed in the aqueous phase 
surface instead of dissolving in water. This hypothesis assumes that nucleation occurs 
on the vapour side of the liquid-vapour interface (Long 1994). This process leads to 
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building half a cage by water molecules (local structuring). The gas will then migrate 
through surface diffusion until it enters the cage and then a complete enclosure will be 
formed. This hypothesis is clearly presented in Figure 2-9. 
 
 
 
Figure 2-9 Adsorption of gas molecules onto hydrate cavities based on the local 
structuring nucleation mechanism Long (1994) 
 
 
2.4.2 Dissociation of Gas Hydrates 
Hydrate dissociation requires considerable external energy to break the intermolecular 
bonding between the water and guest molecules (hydrate cage) and the decomposed 
hydrates (Sloan and Koh 2008). To induce hydrate dissociation, the equilibrium 
conditions (pressure and temperature) have to be shifted to a lower pressure or a higher 
temperature.  
Generally, in the oil and gas industry, several methods have been suggested for hydrate 
dissociation including thermal stimulation, depressurisation and thermodynamic 
inhibitor injection, which are also proposed as techniques for natural gas production 
(Makogon and Makogon 1997).  
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A typical pressure-temperature (P-T) phase diagram for different gas hydrate formers 
is shown in Figure 2-10. Two quadruple points are shown in this figure, the lower 
quadruple point, Q1 (I-LW-H-V) and the upper quadruple point, Q2 (LW-H-V-LHC). Q1 
refers to the point at which the four phases (ice, liquid water, hydrate and hydrocarbon 
vapour) exist in equilibrium with lowering temperature. Conversely, Q2 represents the 
point at which water liquid, hydrocarbon liquid, hydrocarbon vapour and hydrate 
coexist in an equilibrium state showing the upper-temperature limit for gas hydrate 
formation. Q1 and Q2 are unique for each hydrate former. 
 
 
Figure 2-10 Pressure-temperature phase diagram for various natural component 
gases that form hydrates (adapted by Sloan and Koh 2008  from a figure 
developed by Katz 1959). H refers to hydrate; V for vapour; I for ice; LHC for 
liquid hydrocarbon and LW for water. Q1 and Q2 are lower and upper quadruple 
points 
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 Application of Gas Hydrates (Importance of Gas Hydrates) 
Gas hydrates have unique physical and chemical properties as non-flowing structures 
that have a higher density than other fluids and a high volume of gas contents (Sloan 
2003). These unique properties produce the proposal that gas hydrates can be applied 
in various industrial applications including potentially flow assurance, carbon dioxide 
capture to reduce carbon dioxide emissions, gas storage, gas transportation and 
separation, potential energy resource and others. The applications of gas hydrates 
worldwide are summarised in the following sections. 
2.5.1 Flow Assurance 
Since the discovery by Hammerschmidt (1934) that gas hydrates could block the gas 
production and transportation pipelines, gas hydrates have been highlighted as the 
main flow assurance and safety issue. Currently, the formation of solid hydrates in 
pipelines represents a concern for the oil and gas industry (Macintosh 2000) due to 
their significant threat to the safe and economical operation of production facilities. 
Hydrate plugs can stop the flow of natural gas and can be difficult to remove (Figure 
2-11). Methane hydrate is often hard to decompose even at temperatures and pressures 
above equilibrium conditions.  
 
Figure 2-11 Natural gas hydrate plug in a transmission pipeline (Zarinabadi and 
Samimi 2012) 
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Consequently, extensive studies have been conducted to investigate how to avoid 
hydrate blockage in pipelines. Many techniques have been suggested to reduce the 
potential threats from gas hydrates. The conventional solution depends on eliminating 
one of the required elements for the formation of gas hydrates, such as removing water 
from the production system using the dehydration process. Another solution is to 
prevent hydrate blockage by shifting the hydrate formation conditions to elevated 
pressures and lower temperatures using thermodynamic inhibitors such as methanol 
and mono-ethylene glycol. The thermodynamic inhibitor shifts the three-phase 
equilibrium curve; therefore, the system can tolerate lower temperatures and higher 
pressures.  
It has been revealed that other types of inhibitors such as low-dosage inhibitors (e.g. 
kinetic hydrate inhibitors and anti-agglomerates) can be utilised to decrease the 
hydrate nucleation and growth rate at very low amounts during the liquid phase 
compared to thermodynamic inhibitors (Kelland 2006). The low-dosage inhibitors 
work either by delaying the initial hydrate formation or by preventing the 
agglomeration of hydrate particles (Perrin et al. 2013). 
  
2.5.2 Gas Storage and Transportation 
Gas hydrate technology has been proposed as a promising method for natural gas 
storage and transportation. Utilising such technology was first proposed by Benesh in 
1942 who studied the unique properties of the hydrate structure (i.e. up to 180 m3 of 
gas can be stored in 1 m3 of hydrate). However, such a process is often hindered by 
some restriction such as unfavourable kinetics and low conversion of water to hydrates 
(Lee, Zhang, et al. 2007). Hydrate promoters can increase the hydrate formation rate 
by increasing the solubility of gas in the aqueous phase (King 2004).  
The gas hydrate technique for gas storage and transportation is favourable in terms of 
safety and economics compared to other storage and transportation methods (e.g. 
liquefied natural gas (LNG)) (Byk and Fomina 1968). The LNG process requires high 
pressure (up to 4 MPa) and temperature lower than -160 °C (Thomas and Dawe 2003). 
In addition, LNG production facilities require huge construction costs (Gudmundsson 
and Borrehaug 1996), which is reflected negatively in natural gas prices. However, gas 
storage in the hydrate form could be transported at atmospheric pressure and much 
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higher temperature (~ -20 °C) than those required for LNG storage and transportation 
(Nakajima et al. 2002). Consequently, research is being conducted on hydrate 
promoters, which may increase the viability of hydrate as a medium for storage and 
transportation. 
 
2.5.3 Gas Hydrate as a Potential Energy Resource 
The demand for energy sources (e.g., for natural gas) is increasing with the growing 
population and is fast depleting conventional energy resources (Dudley 2013, Al-
Fatlawi et al. 2017). To meet such increasing demand, natural gas hydrates (the main 
gas here is methane) have been proposed as  one of the most potential energy resources 
(Collett 2000, Makogon 2010, Arora and Cameotra 2015). Moreover, hydrates are a 
massive reservoir of natural gas because 1 m3 of methane hydrate contains up to 180 
m3 of methane gas under standard conditions (Max et al. 2005, Sloan and Koh 2008). 
Estimates of the global natural gas volume contained in hydrates range from 1014 m3 
to 1018 m3 (Kvenvolden 1988, Moridis et al. 2009, Dawe and Thomas 2007). These 
estimates exceed the entire combined world reserves of conventional energy resources 
(Makogon et al. 2007, Moridis 2008). In the present energy consumption situation, 
production of 15% of these reserves will cover the global energy needs for the coming 
200 years (Makogon et al. 2007). It has been stated that methane hydrates alongside 
renewable energy and hydrogen are the most significant substitution energy resources 
for the next few years (Demirbas 2010a). Thus, attention towards the commercial 
recovery and production of natural gas from hydrate-bearing sediments is on the rise 
to become another aspect of industrial interest in deposits of gas hydrates. 
Several techniques have been suggested for the production of gas from natural hydrate 
sediments (Collett 2000). These techniques rely on inducing hydrate dissociation 
through: 
(1) Thermal stimulation by heating the hydrate-bearing sediments to a temperature 
outside the gas hydrate stability conditions (Zhao, Zhu, et al. 2015). Heat sources such 
as steam or hot water can be utilised for heat stimulation and then gas production 
(Sloan and Koh 2008). This method has been suggested as the most attractive option 
for reservoirs with high permeability and those under saline aquifers (McGuire 1981). 
Thermal stimulation has been conducted in a production test at the Mallik site in 
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Canada, which showed a poor and insufficient production efficiency as only 470 m3 
of gas was produced over 5 days (Song et al. 2015). Following the idea that a 
significant amount of heat was getting lost during the injection of the hot fluids into 
the targeted layer, Schicks et al. (2011) developed a counter-current heat-exchange 
reactor to produce heat in the target zone. In the laboratory scale testing, thermal 
stimulation could be applied using water/air bath. The hydrate-bearing samples were 
heated by increasing the surrounding temperature without contacting the heating 
source (hot water) to ensure that the water produced from hydrate dissociation did not 
mix with the injected water (Mekala et al. 2014). This technique has also been 
conducted by electromagnetic heating (Islam 1994), constant heat flux (Misyura 2013) 
and in-situ combustion (Castaldi et al. 2007). 
  (2) Depressurisation technique by reducing the pressure to a point under the hydrate 
stability pressure to disturb the mechanical equilibrium. This technique is conducted 
by placing a pump into the borehole and continuously producing fluid due to 
decreasing reservoir pressure to initiate hydrate dissociation. This method was 
successfully used to produce a total 4 × 106 cubic feet of gas (0.7 × 106 cubic feet /day) 
in the Nankai Area (Japan) from 12 to 18 March 2013 (Johnson 2013). Production by 
depressurisation is considered the most economical and feasible option among the 
other production methods due to its high production capability (Moridis et al. 2009). 
However, gas recovery may be restricted by ice generation and hydrate reformation 
during the depressurisation process because of the endothermic behaviour of the 
hydrate dissociation (Collett 2000, Song et al. 2015).  
(3) Inhibitor injection by injecting the system with chemicals (e.g. methanol, glycol 
and NaCl) to disrupt the hydrate equilibrium conditions beyond the hydrate stability 
conditions, and thus assist the dissociation of the hydrate to gas and water. Typically, 
the dissociation rate is controlled by the concentration of the inhibitor, the injection 
rate, pressure and interfacial area between the hydrate and the inhibitor (Sira et al. 
1990). However, this method is not economically feasible due to the high cost of these 
types of chemicals. This technique could also be used alongside other methods to 
enhance the production efficiency due to the lower heat required for hydrate 
dissociation (Fan et al. 2006). 
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Of these three main techniques for gas production, it has been found that 
depressurisation technique combined with thermal stimulation could be the most 
practical method for gas extraction from gas hydrate reservoirs (Demirbas 2010b). 
Figure 2-12 illustrates a scheme of the three main techniques for gas production from 
natural gas hydrate deposits. 
 
 
 
Figure 2-12 Scheme explaining the three main techniques (thermal injection, 
depressurisation and inhibitor injection) for gas production from hydrate 
deposits (Collett 2002)   
    
 
Recently, a new technique has been suggested for methane production from gas 
hydrates via CO2-CH4 exchange (Kvamme et al. 2007, Graue et al. 2008). This method 
involves methane extraction from hydrates by carbon dioxide injection into existing 
hydrate reservoirs and subsequent exchange of methane molecules by CO2 molecules 
in which CO2 is sequestered in the form of hydrates (Baldwin et al. 2009).  Both carbon 
dioxide and methane can form sI hydrate (Sloan and Koh 2008); however, carbon 
dioxide hydrate is thermodynamically more stable than that of methane hydrate under 
the prevailing conditions (Ohgaki 1994, Ersland et al. 2009). Therefore, injection of 
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carbon dioxide into hydrate reservoirs causes the exchange of methane hydrate by 
carbon dioxide hydrate and simultaneously releasing trapped natural gas (Kvamme et 
al. 2007). Such a technique has considerable advantages compared with the 
conventional production techniques, e.g. maintaining the mechanical stability of the 
sediments during the production process via CO2 hydrate formation, controlling the 
water and sand production to a minimum level, and providing a cleaner environmental 
method for carbon dioxide storage, and thus contributing to reduce carbon dioxide 
emissions into the atmosphere.  
Most of the above recovery methods have specific limitations when applied 
individually. Thus, gas production efficiency could be improved using a combination 
of these methods. The huff and puff technique is one of the suggested approaches to 
combine the thermal stimulation and depressurisation methods (Wang et al. 2014). An 
increase of 3.6 times has been reported in gas production using the combined thermal 
stimulation-depressurisation method (Falser et al. 2012). 
 
2.5.4 Gas Hydrates as an Environmental Hazard and Factor in Climate 
Change 
 
Natural gas hydrates in reservoirs are generally vulnerable because they are sensitive 
to certain conditions of pressure and temperature as discussed earlier. Therefore, small 
changes in these conditions can disturb the hydrate stability zone causing the 
dissociation of hydrates to water and gas. Two serious implications can result from 
uncontrolled hydrate dissociation: geological hazard and contribution to global climate 
change (Kvenvolden 1993, 1999). It is recognised that the existence of gas hydrates in 
the submarine and permafrost regions results in cementation of the sediments and 
reduction in its permeability, which leads to restriction of the pore fluids. Therefore, 
when hydrates dissociate to gas and liquid, the sediments become unconsolidated and 
overpressured due to the release of gas. This phenomenon leads to lowering of the 
shear strength of the zone, which could cause structural failure and landslides. The 
slope failure issue related to hydrate dissociation is one of the main topics of ongoing 
gas hydrate studies.  
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Most of the natural hydrate-bearing sediments, where the hydrate is stable, are already 
occupied by hydrate and gas causing continuous sedimentation and more hydrate 
burial. The deep hydrate burial produces a temperature increase in the bottom section 
of the hydrate zone, which affects the hydrate stability causing gas release. 
 Moreover, small changes in subsurface ocean temperatures due to global warming 
could shift the hydrate stability zone by meters, thus causing gas hydrate dissociation 
with a severe geo-hazard in the future (Maslin et al. 2010). Therefore, in terms of 
climate issues, the release of methane from hydrate reservoirs because of hydrate 
dissociation could increase the methane concentration in the atmosphere. This is 
contributing significantly to climate change because methane has a greenhouse effect 
that is 25 times stronger than that of carbon dioxide (Beget and Addison 2007). In 
2010, methane emissions contributed to 16% of all other greenhouse gas emissions 
(Blanco et al. 2014), and the total concentration of atmospheric methane rose to 1.82 
ppm by volume in 2013 (Hartmann et al. 2013). Furthermore, there is a huge amount 
of methane trapped in a relatively small volume of gas hydrate, as mentioned above. 
Therefore, releasing even a small percentage of methane could have a catastrophic 
effect on climate warming over a relatively short time. A diagram demonstrating 
submarine slope failure and gas release due to hydrate dissociation is shown in Figure 
2-13. 
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Figure 2-13 Scheme illustrating the effects of changes in temperature and 
pressure on gas hydrate deposits and the subsequent gas release with seafloor 
failures (adapted from Kvenvolden 1998) 
 
 
Several studies related to environmental issues have revealed that the main reason for 
global warming and climate change is elevated anthropogenic carbon dioxide 
emissions to the atmosphere (Houghton et al. 2001). CO2 emissions into the 
atmosphere have increased significantly (IPCC 2005, Pachauri et al. 2014). This is 
coupled with the massive growth in fossil fuel consumption, where carbon dioxide is 
emitted (IEA 2016). Consequentially, such high CO2 concentrations lead to increasing 
global temperatures (global warming), and thus climate change. Indeed, CO2 
contributes to approximately 60% of this global warming (Yang et al. 2008). 
Decreasing CO2 concentration in the atmosphere is thus crucial for mitigating climate 
change. 
One of the methods suggested to reduce such emissions is carbon dioxide geo-
sequestration and capture in deep ocean sediments (Yamasaki 2003, Orr 2009). The 
 33 
 
prevalent thermodynamic conditions in such marine environments are suitable for 
hydrate formation as they are located within the stability zone of the CO2 hydrates 
(Clennell et al. 1999, Tohidi et al. 2010). Simultaneously, hydrate formation within 
the porous medium blocks the pore space and causes a decrease in the permeability of 
sediments to gases and liquids, thus providing a second seal in the system by self-
sealing (House et al. 2006, Kvamme et al. 2007, Kwon and Cho 2009, Tohidi et al. 
2010). Therefore, CO2 geo-sequestration and capture via hydrate formation is 
proposed as a promising new technology to reduce carbon emissions, and thus mitigate 
the harmful influences of global warming and climate change. 
 
 Gas Hydrate Occurrence in Nature 
Natural gas hydrate accumulation has been reported in several locations over the last 
decades. The geological areas in which hydrate deposits have been discovered are 
specified according to the substantial elements of hydrates formation (low temperature 
and elevated pressure in the presence of water and forming gases). Thus, hydrate 
deposits have been discovered mostly in polar regions (onshore and offshore 
permafrost) and in the sediments of marine continental slopes (Kvenvolden 1993). 
Figure 2-14 shows a map of worldwide locations of found and inferred gas hydrate 
deposits.  
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Figure 2-14 Locations of natural gas hydrate deposits worldwide (Paull et al. 
2010)  
 
 
In the polar region, hydrates accumulate in shallow water as the low-temperature 
environment is dominant. In such environments, gas hydrates form in depths below 
150 m because the hydrostatic pressure and low ambient temperatures (below freezing) 
control the stability of the hydrate (Figure 2-15 (a)). Permafrost region hydrates 
comprise approximately ~ 1% of global gas hydrate reserves. However, approximately 
99% of the gas hydrate reserves are located in the deep oceanic environment. The sub-
zero temperature of the bottom water and the high pressures secure the hydrate 
formation and stability. In these environments, hydrates exist at depths beneath 300 m 
with the maximum lower limit of ~ 2000 m (Figure 2-15 (b)). 
Mes
soya
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Figure 2-15 Depth-temperature stability zone for gas hydrates (a) in the 
permafrost environment and (b) in deep oceanic (marine continental slops) 
adapted after (Kvenvolden 1988) 
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 Hydrates in Sediments 
2.7.1 Naturally Occurring Gas Hydrate in Porous Medium (Reservoir System)  
In nature, a gas hydrate system could be considered similar to a conventional 
hydrocarbon system, which is determined by the fundamental elements required for 
gas hydrate formation in sediments (Collett et al. 2009). Four significant elements are 
required for the formation of gas hydrate in sediments as follows (Max et al. 2013): 
(a) Thick hydrate stability zone appropriate for hydrate formation. 
(b) Adequate gas sources. 
(c) Migration pathways to the seabed. 
(d) High-quality host reservoir sediments. 
The substantial main changes between the two systems (gas hydrate and conventional 
hydrocarbon) are determined by the structure and timing regarding the accumulations 
themselves. Table 2-4 contains some of the similarities and changes between the two 
systems. 
 
Table 2-4 Similarities and differences between gas hydrate deposits and the 
conventional hydrocarbon system (Max et al. 2013) 
Similarities Differences 
 High-quality reservoirs 
have high porosity and 
permeability. 
 
 Early exploration is 
dependent on seismic 
surveys.  
 Not necessary to connect reservoir to the fixed 
source beds. 
 In general, the geological position cannot be 
changed by deposits and geological trap. 
 Hydrate deposits required less detailed 
measurements and less costly assessments of 
resources.  
 Focus on the co-existence of the required 
elements for gas hydrate formation and 
stability 
 long-standing basin history and thermal 
history of sediments are  less significant in 
analysis. 
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2.7.1.1 Gas Hydrate Stability Zone  
As discussed previously, hydrate formation is generally reliant on the correct 
thermodynamic equilibrium conditions and accessibility of sufficient concentration of 
hydrate formers (natural gas), which mix and react with the pore water. The hydrate 
formation zone (which is also known as a gas hydrate stability zone (GHSZ)) refers to 
a sedimentary zone and depth of bed that is saturated with gas and water under suitably 
thermodynamic P-T conditions for hydrate formation (Makogon 1982). GHSZ 
thickness is governed by pressure, temperature, gas composition and pore water. The 
optimal GHSZ is located at relatively elevated pressures and low temperatures (e.g. 
pressure higher than 14–20 MPa and temperatures range from 4 to 17 °C across the 
Andaman Deep Sea and Krishna-Godavari Basin, India), with the presence of a 
relatively sufficient volume of natural gas and low salinity pore water. Figure 2-16 
illustrates the worldwide range of GHSZ conditions by showing the thermodynamic 
conditions (pressure and temperature) and the equivalent water depth for several 
collected hydrate samples including the methane-hydrate equilibrium curve.  
The equilibrium pressure (for a given subsurface area) is identified by gravity and mass 
of overlying geological layers (overburden). This pressure increases almost linearly 
with increasing depth. In the same manner, the low-temperature environment is the 
result of decreasing bottom water temperature with depth (because of differential 
density effects). Consequently, the changes in pressure and temperature conditions in 
the underground can provide the required thickness of  GHSZ (Max et al. 2013). This 
thicker zone is favourable for concentrating more natural gas hydrates in the 
subsurface.  
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Figure 2-16 Pressure-temperature equilibrium conditions and water depth 
recorded for collected hydrate samples (Sloan and Koh 2008) 
 
2.7.1.2   Gas Sources Availability  
The availability of a sufficient amount of gas sources is a substantial factor controlling 
the location of natural gas hydrate formation and distribution (Kvenvolden 1988, 
Collett 1993). Many areas provide P-T conditions that allow for hydrate formation, 
and yet they do not have any hydrate formation at all. The reason for this is mostly due 
to insufficient gas supply (Giavarini and Hester 2011). 
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The most common natural hydrate deposits are of sI methane hydrates, which widely 
exceed other hydrate deposits. However, sII and sH gas hydrates have also been found 
naturally in the upper continental slope of the Gulf of Mexico (Sassen and MacDonald 
1994, Sassen et al. 2001).  
Methane gas that forms gas hydrates can be generated from both biogenic and 
thermogenic sources. Biogenic methane (microbial) is created by the biological 
activity of anaerobic bacteria breaking down organic matter (Whiticar et al. 1986). 
This process is performed at low temperatures in relatively shallow sediments 
extending from the seabed to a few hundred meters below the seafloor (Claypool and 
Kvenvolden 1983, Parkes et al. 1990). The biogenic methane is then ready for the 
formation of sI gas hydrate in sediment (Bohrmann and Torres 2006). Approximately 
99% of all gas hydrates existing in nature are composed of this microbial methane 
(Kvenvolden and Lorenson 2001). Consequently, the availability of a sufficient source 
of methane into the sediments at present and in the immediate-geological past 
represents the required precursors for the formation of gas hydrates in nature (Max et 
al. 2013). 
Conversely, thermogenic gas is produced in the deepest buried sediments more than 1 
km below the seabed via the thermal decomposition of organic materials (e.g. kerogen) 
under relatively high temperature and pressure conditions (Floodgate and Judd 1992). 
This type of gas includes a broader variety of hydrocarbons in addition to methane 
(e.g. ethane, propane, butane, pentane and hexane). Most of the naturally occurring 
gas hydrates are generated from biogenic gas sources. This type of hydrates has been 
observed in shallow deposits (Kvenvolden and Barnard 1982). However, thermogenic 
gases may also form hydrates such as the natural hydrates in the Black Sea and in 
Northern Alaska (Collett 2002). Moreover, a mixture of both biogenic and 
thermogenic gas sources have been proposed for Nigeria and the Gulf of Mexico 
(Booth et al. 1996). 
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2.7.1.3  Migration Pathways 
Studies on gas hydrate deposits demonstrate the great importance of the gas migration 
pathway in terms of the formation of hydrates in reservoirs. In most instances, the 
amount of biogenic gas created in-situ within the sediment pore space is not enough 
for hydrate formation, or the reservoir sediment is not buried deep enough for the 
generation of thermogenic gas (Kvenvolden 1993, Collett et al. 2009). Therefore, it is 
necessary for gas to have an upwards migration pathway to enter the GHSZ. Various 
strategies have been suggested for gas migration through the sedimentary layers into 
the GHSZ such as diffusion, gas dissolving in the migrating water and gas migration 
as a continuous bubble phase. The gas diffusion process is considered relatively slow 
and may not contribute to concentrating hydrate deposits (Xu and Ruppel 1999). The 
other strategies require permeable paths that allow fluids to migrate through them. 
Channels such as faults and salt diapirs are considered fundamental pathways for gas 
migration (Sloan and Koh 2008, Collett 2013). Generally, natural gas hydrate 
accumulations can be determined by tracking formation water from a free gas source 
under the hydrate stability zone. Such a process represents a substantial factor in the 
formation of natural hydrate accumulations. In passive margins, water drive is 
generally because of the compaction of gravity on the sedimentary layers, whereas 
tectonics and fractures are more controlling in active margins (Max et al. 2013). 
 
2.7.1.4  High-quality Host Sediments 
Substantial amounts of natural gas hydrates have been found within coarse-grained, 
fine-grained and fractured reservoirs (Trehu et al. 2004, Waite et al. 2009). Examples 
of such reservoirs are sandy sediments close to the margins of deep oceans in Japan 
(Egawa et al. 2013), sediments in continental slopes in the Gulf of Mexico (Boswell 
et al. 2012) and turbidite sands in the Ulleung Basin offshore of Korea (Lee 2011). 
Recent estimations of hydrate reservoirs in Japan and the US show that high-quality 
hydrate-bearing sands (i.e. with high permeability and porosity) are more prevalent in 
methane hydrate systems than previously thought (Collett et al. 2014). However, 
regarding the global volume of gas hydrates, accumulation of gas hydrates in fine-
grained marine sediments is larger than that in coarse-grained deposits because up to 
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90% of global hydrate accumulations are hosted in fine-grained sediments (Boswell 
and Collett 2006). 
Hydrate-bearing sediments in Alaska have demonstrated low permeability, having a 
range of 0.01–0.1 mD compared to the same hydrate-free sediments that have a 
permeability of 1 D (Collett 2013). The lower permeability is due to the existence of 
gas hydrates within the sediment, which blocks the pores of the sediments and causes 
a reduction in their permeability. Studies on sedimentary samples recovered from 
Alaska indicate that the high permeability is substantial for the formation of high 
hydrate saturation in sediments. This is consistent with high hydrate saturation (~ 80%) 
observed in coarse-grained sediments at the Mallik permafrost site in Canada and high 
permeability reservoirs in the Nankai Trough in offshore Japan (Dallimore 2005, Fujii 
et al. 2009, Winters et al. 2011). 
 
 
2.7.1.5 Hydrate Growth in Sediments 
Typically, three main steps summarise the hydrate growth process in sediments (Figure 
2-17). Gas hydrate within the pore space of sediments grows in discrete steps contrary 
to that of hydrate plugs, which grow gradually (Jung and Santamarina 2012). 
Hydrate growth rate, which is known as an increase in hydrate thickness with time, 
was previously identified by gas diffusion. However, experimental studies have 
demonstrated that the rapid formation of the first hydrate particles is faster than that 
which can be explained by the diffusion of gas (Jung and Santamarina 2012). 
Simultaneously, the hydrate growth rate in the meniscus between water-wet surfaces 
is greater than that in oil-wet surfaces. 
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Figure 2-17 Steps of hydrate growth in sediments (modified from Jung and 
Santamarina 2012) 
 
In addition, X-ray micro-computed tomography studies on hydrate growth within a 
pore space show that hydrates nucleate randomly causing grain particles (sediment) 
movements during hydrate formation. Patchy hydrate growth and distribution in 
sediments significantly affect the seismic velocities (compressional and shear 
velocities) and petro-physical properties such as permeability, electrical conductivity 
and shear strength (Waite et al. 2009). 
 
2.7.2 Gas Hydrate Morphology and Distribution in Sediments  
When formed in sediments, natural gas hydrate as a solid crystalline structure grows 
as a configuration (Figure 2-18). Generally, two scales describe the hydrate 
configuration in sediments, which are macro-scale morphology and micro-scale 
morphology (Clayton et al. 2010). The macro-scale morphology describes the 
structure of large-scale hydrate formation within the host sediments, while the micro-
scale indicates the interactions of the hydrates with their host sediments. 
 
Thin hydrate 
shell forms along 
the water-
hydrocarbon 
interface
Hydrate shell 
grows into the 
water phase
Hydrate growth 
as a tree-branch  
geometry into the 
gas- phase
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Figure 2-18 Examples of gas hydrates found in the natural environment: (a) bulk; 
(b) nodules; (d) layered and (e) laminae (Worthington 2010) 
 
Four distinct forms (modes) in which hydrates exist in marine sediments are shown in 
Figure 2-19.  These forms are disseminated, nodules, veins or layered, and bulk or 
massive.  
Disseminated hydrates refer to the hydrates that distribute homogeneously in the pore 
space of the macro-structure of the sediments (Booth et al. 1998, Clennell et al. 1999, 
Gabitto and Tsouris 2010). This type of hydrate preferentially exists in coarse-grained 
sediments such as sand due to low capillary pressure (Kleinberg et al. 2003, Torres et 
al. 2008). Through such sediments, gas and fluid can flow smoothly with the 
availability of many nucleation sites, which allows for the formation of hydrates 
throughout the sediment. The other three types typically exist in fine-grained 
sediments such as clay, carbonates and silts. Nodules and veins types have been 
observed in large accumulations that can potentially grow into massive hydrate types 
in the presence of a sufficient source (high flux) of gas and water (Malone 1985). In 
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addition, veins (layered) may grow in sediments with planes of weakness and pre-
existing fracture planes (Collett et al. 2008). 
 
 
 Figure 2-19 The four morphological modes of hydrates in sediments (adapted 
from Dangayach et al. 2015)  
 
Recently, another classification of gas hydrate morphology has been proposed to 
describe them in the pore space depending on the interaction of hydrates with the host 
sediments (micro-scale morphology) (Clennell et al. 1999, Dvorkin et al. 2000). 
According to the pore filling or cementing morphology, gas hydrates can form in 
sediments in four pore habit patterns (Helgerud et al. 1999, Lee, Yun, et al. 2007, 
Waite et al. 2009); Figure 2-20:   
(a)  Pore filling: Hydrates nucleate within the pore space and grow freely without 
contacting or bridging grains. The hydrate is considered to be part of the pore 
fluid (not the matrix); thus, only the bulk modulus of the pore water and the 
electrical resistivity will be affected (Helgerud et al. 1999, Spangenberg and 
Kulenkampff 2006), whereas the permeability will decrease (Kleinberg et al. 
2003). 
(b) Load bearing: As the formed hydrate cluster grows, it bridges the space 
between adjacent grains and acts as part of the load-bearing structure 
increasing the mechanical strength of the sediments. Hydrates are considered 
to be a part of the sediment matrix, increasing the seismic velocities higher than 
that of the pore filling type (Helgerud et al. 1999). The pore filling hydrate 
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grows to a load bearing hydrate when the hydrate saturation exceeds 40% 
(Priest et al. 2009). 
(c) Cementing: Hydrate forms preferentially at the grain contacts. It performs as 
a consolidation item, bonding adjacent grains together, significantly affecting 
the shear and the bulk stiffness of the sediment even in small quantities 
(Dvorkin et al. 1999) and rapidly increasing the seismic velocities (Dai et al. 
2012).   
(d) Grain coating: The hydrate forms as a uniform layer coating the surface of the 
grains. The formed hydrate shell can clog pore throats and then cut parts of the 
pore space from the interconnected pore network (Kumar et al. 2010). This 
hydrate the same effect as the cementing type when the hydrate saturation 
exceeds 30%. 
 
 
Figure 2-20 Morphological patterns of gas hydrates (white) in sediment (grey) 
saturated with pore fluid (blue); (a) pore filling, (b) load-bearing, (c) cementing 
and (d) grain coating 
 
It is difficult to determine the hydrate growth patterns from field core samples owing 
to the difficulty in maintaining the hydrate in the samples during the coring process. 
Therefore, most of the hydrate morphological observations depend on experimentally 
formed hydrates and modelling studies. 
 
2.7.3 Physical Properties of Hydrate-bearing Sediments 
 
The presence of gas hydrate in the pore space of any geological layer can have a 
substantial effect on its physical properties. Hydrate morphological habits and 
saturation define the main physical properties of hydrate-bearing sediments. The 
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difference in the physical properties of free-hydrate sediments and those containing 
hydrates is mainly influenced by hydrate saturation. The most affected physical 
properties are the seismic velocities, electrical resistivity and hydraulic permeability.  
The seismic velocities describe the relationship between the elastic properties of a 
medium to its density regarding the elastic wave speed moving through a body of that 
medium. The body waves can be classified into two types: compressional waves (P-
waves) and shear waves (S-waves) (Crampin 1977). These two types have propagation 
velocities (compressional velocity (VP) and shear velocity (VS)) that are determined 
by the bulk modulus (K), shear modulus (µ) and density (ρ) of the medium they are 
travelling through (Rabbel 2006). Those two velocities are defined as follows: 
 
VP =
√K +
4
3µ
𝜌
 
2-1 
 
VS = √
µ
𝜌
 2-2 
 
The seismic velocities are a common tool used to classify materials or to assess 
properties of the pore fill. The presence of gas hydrates in sediments is known to cause 
an increase in the seismic velocities because some of the pore fluids will be replaced 
by the hydrates. This could cement the sediment grains, increasing their stiffness, and 
thus increasing the bulk modulus and shear modulus. Typically, the degree of increase 
in seismic velocities is related to the volume of hydrates formed and their 
morphological habits. The seismic velocities of hydrate-bearing sediments can be 
severely changed based on the type of hydrate growth habit even for the same 
sediments and degree of hydrate saturation (Dvorkin and Nur 1996, Helgerud et al. 
1999). 
In addition to influencing the seismic velocities of sediments, electrical properties are 
also affected by the formation of gas hydrates. The electrical resistivity or its inverse 
electrical conductivity are widely used parameters to characterise electrical charge 
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transportation through a given medium. Because gas hydrates and most rocks are 
electrical insulators (Pearson et al. 1983), the charge transport in natural sediments and 
rocks is generally provided by the conductive pore water. Therefore, when the hydrate 
forms in the pore space of sediments replacing the pore water, the bulk resistivity of 
the sediments increases. This increase in resistivity represents the fundamental tool for 
the detection of hydrate-bearing sediments using resistivity logs (Collett 2001, 
Boswell et al. 2012). The variance between the resistivity of the water saturation 
sediments (without hydrate) (Ro) and the measured resistivity of hydrate-bearing 
sediments (Rt) represents the increase in the bulk resistivity. Formations with Rt 
greater than Ro give an indication of gas hydrate occurrence in the sediments. 
Changes in the seismic and electrical properties due to the presence of gas hydrates are 
mainly used to map and explore natural gas hydrate accumulations. The transition of 
sediments pore filling from free gas and water to hydrates is accompanied by an intense 
acoustic impedance (wave velocity × density) variation, which results in significant 
seismic reflection (Berndt et al. 2004). These seismic reflections generally crosscut 
sedimentary layers and follow the topography of the seabed, which is why they are 
indicated as bottom simulating reflectors (Kvenvolden et al. 1983). 
To investigate the physical properties of gas hydrate reservoirs on a laboratory scale, 
studies are generally kept uncomplicated by considering it as a homogenous sediment 
sample. Medium and coarse sand (quartz) are most favourably used as hydrate-bearing 
sediments due to their high permeability that gives the most promising gas production 
rates in the case of economical gas production from hydrate-bearing sediments. Table 
2-5 lists the seismic velocities and electrical resistivities of materials, which are 
frequently considered in sand gas hydrate reservoirs. The various materials cover a 
wide range of each physical property and the large disparity between these properties 
allows the physical detection of the process of hydrate formation and dissociation.    
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Table 2-5 Seismic and electrical properties of materials that are generally 
considered in natural gas hydrate reservoirs 
Material VP, m/s Vs, m/s Resistivity, Ωm 
Ice 3900 (Shaw 1986) 1900 (Shaw 1986) 
~ 4 ×103 (Du Frane 
et al. 2011) 
Methane gas 
412 (Waite et al. 
2009) 
0 (Waite et al. 
2009) 
→ ∞  
3 wt% brine  
1412 (Mavko et al. 
2009) 
0 (Mavko et al. 
2009) 
3.77 (Mavko et al. 
2009) 
Bulk 
methane 
hydrate 
3369 (Whiffen et al. 
1982) 
- 
~ 2 ×103 (Du Frane 
et al. 2011) 
Sediment 
(quartz) 
6040 (Helgerud et al. 
1999) 
4120 (Helgerud et 
al. 1999) 
~ 2 ×1014 (Schon 
1998) 
 
2.7.4 Visual Observation of Hydrates in Sediments 
Previously, considerable attempts have been conducted to observe hydrate formation 
and morphology (macro and micro scale) in the pore space of sediments. One of these 
attempts was conducted by Brewer et al. (1997) who investigated the hydrate 
formation process by bubbling gas into two types of sediments (coarse-grained and 
fine-grained) at a depth of 910 m in the ocean. It was observed that in the coarse-
grained matrix, gas hydrates filled the pore space in a dispersed nature, whereas in the 
fine-grained sediments, gas hydrates were formed in channels (veins) and grew until 
large masses formed. These findings have been confirmed by hydrate core sampling. 
The observation of actual hydrate growth directly represents the first concept of the 
formation mechanism. 
Since then, various characterisation methods have been applied to study the gas 
hydrate microstructure and growth pattern in sediments such as direct microscopy 
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observation (Tohidi et al. 2001), nuclear magnetic resonance (NMR) (Mork et al. 2000, 
Kleinberg et al. 2003), magnetic resonance imaging (MRI) (Baldwin et al. 2003, Zhao 
et al. 2011) and high resolution X-ray micro-computed tomography (CT) (Kerkar et 
al. 2014, Chaouachi et al. 2015).  
The first direct observation of hydrate formation at the pore scale was conducted by 
Tohidi et al. (2001). They formed CO2 and CH4 hydrates in a 2D synthesised 
micromodel. Their results showed that hydrates formed from the free gas beginning at 
the gas-liquid interface and hydrates mainly existed in the pores without contacting the 
grain surface. However, grains could be cemented by hydrates if they were small, or 
in the case of pores were almost filled with hydrates.    
NMR-related technologies have also been used to study inclusion complexes since the 
1960s (Brownstein et al. 1967). However, this technique was developed afterwards for 
utilisation in a variety of gas hydrate studies. Using NMR, Kleinberg et al. (2003) 
suggested that hydrate formed mainly in the large pores of sediments without coating 
the grain surface. Cheng et al. (2013) investigated the formation and dissociation of 
carbon dioxide hydrate in porous media using MRI and also measured the induction 
time and hydrate saturation. Their findings demonstrated that the free pore water was 
identified by a strong MRI signal; however, the solid hydrate was not detected due to 
the background noise. Daraboina et al. (2013) used MRI to investigate the kinetics of 
CH4-C2H6-C3H6 hydrate formation in the presence of a kinetic inhibitor. Their study 
confirmed the efficiency of MRI as a technique for visualisation and valuation of the 
performance of the inhibitor on gas hydrate formation. 
Recently, high-resolution X-ray computed tomography has shown an advantage for 
characterising gas hydrate-bearing sediments. The first discovery of X-ray was in 1895 
by the German engineer and physicist Wilhelm Röntgen (Röntgen 1896). X-ray is a 
type of electromagnetic waves with high frequency. They are similar to normal light 
but have more energy and shorter wavelengths (~ 10-10 m) (Hau-Riege 2012). Such 
waves have the ability to pass through opaque objects. Thus, the X-ray technique 
presents a non-destructive tool for imaging the microstructure features within the 
interior of solid materials, and it is considered to be a significant contributor to the 
understanding of gas hydrates in sediments. This technology offers a fine spatial 
resolution that is easy to adapt and apply to various experimental studies (Akin and 
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Kovscek 2003). Various studies have been performed to observe the microstructure of 
hydrate-bearing sediments via the X-ray technique. Examples of these research studies 
are presented in Table 2-6. 
 
Table 2-6 Examples of research studies observing the hydrate microstructure in 
sediments via the X-ray technique 
Research Hydrate Porous media Description 
Mork et al. 
(2000) 
THF Quartz sand 
Investigating the hydrate formation 
and mechanical strength 
measurement of hydrate-bearing 
samples. They could not gain useful 
information via computed 
tomography (CT) scanner due to the 
difficulties in differentiation between 
the THF hydrate and  liquid mixture. 
Jin et al. 
(2004, 2006)  
 
CH4 Sand 
Direct determination of porosity and 
hydrate saturation of hydrate 
sediments without destroying the 
sample. 
Waite et al. 
(2008) 
CH4 Sand 
Investigating the physical properties 
of hydrate-bearing sediments  
Kneafsey et 
al. (2007) 
CH4 Silica sand 
Observation of the hydrate system 
behaviour during the formation and 
dissociation of methane hydrate. The 
results showed that the hydrate 
formation rate was not constant but 
occurred mainly at the starts. The 
percentage of water converted to 
hydrate was 65% depending on a 
hydration number of 5.75. 
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Research Hydrate Porous media Description 
Kerkar et al. 
(2009) 
THF Glass spheres  
Imaging the THF hydrate patches in 
regular sized glass spheres; the results 
showed random formation and 
growth with grain movements but 
without being affected by the cell 
wall. 
Kneafsey et 
al. (2011) 
CH4 Sand, sand/silt 
Observation of location-specific 
density variation resulting from 
hydrate formation and water flowing; 
the images showed a heterogeneity 
formation of hydrate within the host 
sediments.  
Seol and 
Myshakin 
(2011) 
CH4 Sand 
Prediction of porosity and 
distribution of the water phase in 
samples containing hydrates;  
quantifying the influence of grains 
size distribution during the formation 
and dissociation of methane hydrate. 
Rees et al. 
(2011) 
CH4 
Natural cores 
collected from 
drilling sites 
Obtaining detailed 3D images of the 
internal structure of natural samples 
containing gas hydrates. 
Zhao, Yang, 
et al. (2015) 
CH4 
Different sized 
sands  
Investigating the microstructure and 
distribution of hydrates forming in a 
porous medium. The results showed 
that hydrates are randomly distributed 
in the pores without contacting the 
grains. 
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Research Hydrate Porous media Description 
Chaouachi et 
al. (2015) 
Xenon 
Different types 
of sand and 
glass beads 
Observation of the crystallisation and 
growth processes of xenon hydrate in 
various sediments; hydrate was 
formed using juvenile water and 
metastable gas‐enriched water.   
Schindler et 
al. (2017) 
THF Glass beads 
Obtaining information about hydrate 
distribution in the pore space. The 
images indicate that the formed 
hydrates followed the pore-filling 
model. 
 
 
2.7.5 Laboratory Techniques for Hydrate Formation in Sediments 
 Hydrate formation in sediments is a long-time process that depends mainly on the 
degree of gas solubility in the liquid phase. Several laboratory techniques have been 
suggested that aim to balance smooth formation with achieving hydrate distribution 
resembling natural samples. Different formation techniques result in diverse hydrate 
patterns and distribution, and consequentially influence the physical properties of 
hydrate-bearing sediments, as discussed previously. Sediments with the same hydrate 
saturation but various pore filling patterns may produce several degrees of variation in 
their physical properties (Dai et al. 2012). 
The successful laboratory formation methods are summarised below. 
2.7.5.1 Hydrate Formation by Dissolved Gas 
The hydrate formation by this method is achieved by circulating liquid containing 
dissolved gas as a hydrate former through sediment under hydrate stability conditions. 
As mentioned above, gas solubility in the liquid phase governs the hydrate 
concentration and influences the formation time. Thus, gases with high solubility (e.g. 
CO2) are generally used in such methods (Tohidi et al. 2001, Katsuki et al. 2006). In 
addition, it has been reported that the hydrate formation process from dissolved 
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methane requires a long duration time (up to a few weeks) and advanced equipment, 
making such approach an experimental challenge (Spangenberg et al. 2005, Waite and 
Spangenberg 2013).  
Typically, the saturation of hydrate formed by this method does not exceed 70% 
(Waite et al. 2009), and it nucleates heterogeneously within the coarse-grained 
sediments on the grain surface and grows into the pore space (Yun et al. 2005). 
Acoustic velocity measurements for sediments containing hydrate formed by this 
method suggest that the hydrate follows the load-bearing behaviour at saturation levels 
above 40% but follows pore-filling behaviour at levels below that (Spangenberg et al. 
2005).  
 
2.7.5.2 Hydrate Formation by the Partial Saturation Method  
In this method, the hydrate is formed with partially water-saturated sediments by 
pressurising the system with the former gas under controlled pressure-temperature 
conditions (Waite et al. 2004). Then, the sample is cooled to the hydrate equilibrium 
temperature. In sandy sediments, the hydrate formed by this method produces a 
grained cementing hydrate because the hydrate forms at the grain contact areas. The 
cemented hydrate could bond sand particles at low hydrate saturation, thus producing 
sediment with a stiffer skeleton higher than that of pore-filling hydrates (Priest et al. 
2005). Typically, the hydrate formed in the high gas flux regions represents most of 
this hydrate distribution pattern (Bohrmann et al. 1998).  
A successful experiment was conducted to form CO2 hydrate in partially saturated 
clay-silt sediments with different hydrate saturations (Kim et al. 2013). The authors 
described the hydrate behaviour as ‘weak cementation’, which was identified as 
transitional behaviour between load-bearing and grain-cementing patterns. This 
behaviour was assumed to be because of weak connections between hydrate clusters 
and the mineral surface due to the existence of the water film on the mineral grains. 
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2.7.5.3  Hydrate Formation by Excess Water Method 
Recently, the excess water method has been introduced as another approach for gas 
hydrate formation at the laboratory scale (Priest et al. 2009, Clayton et al. 2010, Falser 
et al. 2013). In this method, a known volume of hydrate former (gas) is introduced to 
the sedimentary sample and then accompanied by an excess water injection (Priest et 
al. 2009). The gas is allowed to exist as small bubbles within the sediment pore space. 
This hydrate formation process is considered an analogue to the conditions for natural 
hydrates formed within the water-saturated sediments in nature (Winters et al. 2004, 
Lee and Waite 2008). Hydrates formed by this method are not restricted to exist at the 
inter-grain contacts; thus, the cementing behaviour has not been observed for hydrate 
saturation below 20% (Priest et al. 2009, Spangenberg et al. 2014). In addition, it has 
been reported that there are large differences in seismic wave velocities of sediments 
containing hydrates formed via this method and other methods (Best et al. 2013). 
 
2.7.5.4  Hydrate Formation from Soluble Hydrate Former (Tetrahydrofuran) 
Another technique for laboratory hydrate formation involves forming hydrate using 
soluble hydrate former (e.g. THF, C4H8O as shown in Figure 2-21 (a)). THF is a 
hydrate former (liquid at room temperature) that is colourless and is fully mixable with 
water. THF has been widely employed for laboratory synthesising of hydrate in 
sediments and provides specific control of hydrate saturation and a rapid hydrate 
formation process compared to the long process of methane hydrate formation (Lee, 
Yun, et al. 2007). THF forms sII hydrate as only the large cavities are occupied as 
shown in Figure 2-21 (b). It has been found that a solution composed of THF and water 
in a molar ratio of 1:17 can form THF hydrates at ~ 4 °C under atmospheric pressure 
(Leaist et al. 1982). 
In similar behaviour to that of hydrates formed from dissolved gas, THF hydrate forms 
on grain surfaces and grows toward the sediment pore space (Waite et al. 2009). THF 
hydrate dissociation does not produce free gas; thus, there is no significant change in 
the volume resulting from dissociation compared to that of the gas hydrate.  
Yun et al. (2007) studied THF hydrate formation in silt, clay and sand sediments at 
50% and 100% hydrate saturation. They conducted their experimental study by 
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saturating the dry samples with THF and water mixture, applying the effective stress 
to the specimen and then cooling. Several other studies have been conducted to form 
THF hydrate following the same procedure such as Lee et al. (2010) and Santamarina 
and Ruppel (2010). 
 
 
 
Figure 2-21 Scheme illustrating (a) Tetrahydrofuran molecule and (b) 
Tetrahydrofuran hydrate. Green is carbon atoms, white is hydrogen atoms, and 
red is oxygen atoms (Conrad 2009)  
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 Apparatuses and Experimental Methods   
This chapter introduces comprehensive characterisation of the experimental systems, 
procedures and materials utilised to accomplish the aims and objectives of this 
research. The three systems discussed are the PVT cryogenic sapphire cell for 
determination of the equilibrium conditions of hydrates, the ultrasonic measurement 
system for the determination of the compressional wave velocities of hydrate-bearing 
sediments and the µCT-CO2 hydrate formation system for analysing the pore-scale of 
hydrate in sandstone.   
 
 PVT Cryogenic Sapphire Cell for the Determination of Equilibrium 
Conditions of CH4+CO2, CH4+N2 and CO2+N2 Hydrates 
 
The PVT cryogenic sapphire cell system was employed to determine the hydrate 
equilibrium data for different gas mixtures. This system was manufactured and 
supplied by Sanchez Technologies (France) and is installed at the Clean Gas 
Technology Australia research centre. The PVT sapphire cell apparatus has the ability 
to analyse the behaviour of the fluid, determining hydrates and evaluating the 
efficiency of hydrate inhibitors under various operating conditions. 
 
3.1.1 PVT Cryogenic Sapphire Cell System 
Figure 3-1 shows the PVT sapphire cell apparatus. The entire system is comprised of 
the following: 
(a) A cylindrical PVT sapphire cell unit with a total inner volume of 60 mL, as shown 
in Figure 3-2, and that is placed inside a controlled air bath at working 
temperatures varying from -160 °C to 100 °C. The cell itself is made of protected 
sapphire material designed for high pressure up to 500 bar and is isolated from 
the outside environment by a strengthened glass window. The cell is equipped 
with a magnetic stirrer (rotating at different velocities by a motor drive) that 
provides the required agitation for hydrate formation. 
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(b) A series of pumps including a vacuum pump (Edwards Rotation pump, Model 
E2M2), positive displacement pump and pneumatic gas booster pump (Haskel, 
model AA-30). 
(c) A cooling/heating system: the unit is connected to a chiller (R2G2 Series Cooler- 
AQUA) providing cooling during the hydrate formation process. The cooling and 
heating processes are enhanced using a fan that circulates the cold or hot air 
through the bath surrounding the cell. 
(d) Various thermocouples (RTD PT100 sensors, Model TC02 SD145; Hinco) and 
pressure monitoring sensors (Sanchez).  
(e) Gas supplying and transporting lines of 6.4 mm (1/4 inch) size equipped with all 
associated valves and fittings (all provided by Swagelok Western Australia). 
(f) Digital displays and computer software for monitoring the pressure and 
temperature during the experiments. Two colour video cameras, Sony HYPER 
HAD (5× magnifying lens), placed against the cell window for visual 
observation of the behaviour of the cell contents. These cameras are of great 
importance for hydrate equilibrium and formation experiments owing to the 
reliance on visual indications and changes. 
(g)  Gas injection manifold installed to allow several gas sample bottles (canisters) 
to connect and feed gas into the system. 
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Figure 3-1 PVT Cryogenic Sapphire Cell Apparatus 
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Figure 3-2 Cylindrical Sapphire Cell 
 
3.1.2 Materials and Gas Mixtures Preparation 
Deionised water (electrical resistivity of 18 MΩ.cm at 25 °C) from David Gray was 
used as the liquid. Methane, carbon dioxide and nitrogen, all supplied by BOC 
Australia and of high purity (99.95 mol.% to 99.99 mol.%), were used as a pure gas or 
gas mixtures The preparation of gas mixtures at the desired composition was 
conducted on a weight basis using 500 mL stainless sample bottles as follows: 
1- Vacuuming the residual gas and air from all the sample bottles using the vacuum 
pump.  
2- Weighing each individual bottle using a high accuracy electrical balance from 
Shimadzu, model UW6200H (accuracy of ± 0.01 g). 
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3- Supplying the bottles with the required gas from the main gas cylinders and 
reweighing. 
4- Determining the gas quantity and concentration when mixed by the following 
equations: 
 
𝐧𝐢 =
∆𝐦𝐢
𝐌𝐢
 
3-1 
𝐗𝐢 =
𝐧𝐢
𝐧𝐭
 
3-2 
where, ni and mi are moles and mass of component (i) gas, respectively; Mi is the 
molecular weight of gas (i); and Xi is the gas (i) mole fraction. All compositions of gas 
mixtures used in this PVT sapphire cell experiment are listed in Table 4-2 (chapter 4). 
Prior to each experiment, the CO2 and CH4 compositions in the gas mixtures were 
verified by sample testing using two gas sensors (Gas Alarm Systems, PolyGard 
manufactured by MSR model MGC-03) with a standard accuracy of ± 0.05.   
 
3.1.3 Set-up and Experimental Procedure  
A schematic of the experimental set-up is depicted in Figure 4-1, and a detailed 
description of the apparatus is given in chapter 4. This apparatus was used to procure 
the hydrate dissociation conditions by employing the temperature research method at 
constant pressure (isobaric method) (Kim et al. 2011, Loh et al. 2012, Smith et al. 
2015, AlHarooni et al. 2015, Smith et al. 2016). This method includes stimulating the 
cell content (fluids) by cooling and heating processes to enhance the hydrate formation 
and dissociation by maintaining a constant pressure. 
Before the beginning of each experiment, the apparatus was cleaned and purged with 
nitrogen to remove any impurities that could affect the results. The gas sample bottles 
were connected to the gas manifold to allow the gases to be mixed and transferred via 
the piston pump to the sapphire cell. Then, deionised water (5 mL) was syringed into 
the evacuated sapphire cell through the upper inlet. The nitrogen and air were 
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vacuumed from the entire system using the vacuum pump, following the pressurisation 
of the cell with the prepared gas mixtures via a pneumatic pump in combination with 
the piston pump. When the prescribed pressure was achieved, the stirrer was switched 
on, and the cooling of the sapphire cell contents (fluids) was initiated at a rate of 2 K/h 
for gas hydrate formation. After completing the hydrate crystallisation, which was 
visually observed via the control PC, the cooling was stopped. The sapphire cell was 
then heated at a rate of 2 K/h to start the hydrate dissociation. During each experiment, 
the hydrate dissociation conditions (pressure and temperature) and stirrer currents 
were determined. 
Finally, the PVT sapphire cell was depressurised and the fluids were evacuated 
through the cell outlet on the bottom cell base followed by flushing of the cell with 
deionised water several times and cleaning it for the next experiment.   
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 Ultrasonic Measurement System for the Determination of Compressional 
Wave Velocities of Hydrate-bearing Sediments 
 
The compressional wave velocities for THF and CO2 hydrate-bearing sandstone 
samples were measured using an experimental set-up consisting of the following 
essential parts: 
(a) High-pressure cell (Figure 3-3 and Figure 3-4), which was designed for 
simultaneous acoustic measurements and hydrate formation in a sample of 3.8 cm 
(1.5″) in diameter. This cylindrical cell was composed of a polyether ether ketone 
with a base for attaching two piezo-electric transducers to the outside wall. A 
thermocouple was attached to the cell to monitor the temperature during the 
experiment with a precision of ± 0.5 K. 
 
(b) Various pumps were used for fluid injections and to confine the pressure. In the 
THF hydrate experiments, a high-performance liquid chromatography (HPLC) 
pump (LC-20AT Shimadzu Ltd.) was used for liquid injection (THF + brine) 
whereas the confining pressure was applied using a hand oil pump. Three syringe 
pumps (ISCO 500D) with high accuracy of 0.1% were used in the CO2 hydrate 
formation experiment; the first two pumps were used for CO2 and brine injection, 
and the third pump was used to apply the confining pressure by compressing the 
deionised water.  
 
(c) A thermo-refrigerated bath (Alpha RA8, Lauda, Germany) was used to circulate 
a coolant antifreeze liquid containing ethylene glycol via a copper coil wrapped 
around the flowing cell. This bath provided the cooling temperature required for 
the hydrate formation process. 
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Figure 3-3 High-pressure cell (core holder) used in ultrasonic measurements for 
determining the compressional velocities of hydrate-bearing sediments 
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Figure 3-4 Photograph showing (a) high-pressure cell and (b) a sandstone sample 
placed in the middle of the high-pressure core holder 
 
(d) An ultrasonic measurements system comprised of a Pulser-receiver (model 
5072PR, OLYMPUS), digital oscilloscope (model DS4022, RIGOL) and two 
piezo-electric transducers (1 MHz, model A114S, OLYMPUS) as shown in 
Figure 3-5. This system was used to determine the compressional velocities 
through the sample before, during and after hydrate formation.  
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Figure 3-5 Photograph showing the experimental set-up for the determination of 
compressional wave velocities of hydrate-bearing sediments: (a) vacuum pump; 
(b) high-pressure cell; (c) hand oil pump; (d) HPLC injection pump; (e) 
oscilloscope and (f) pulser/receiver 
 
3.2.1 Materials and Sample Preparation 
The cylindrical Bentheimer sandstone core samples (3.8 cm in diameter and 8.1 cm in 
length) from Kocurek Industries were used as an experimental hydrate-bearing porous 
medium. Bentheimer is a clean, homogeneous sandstone consisting mainly of quartz 
(99 wt%) with high permeability and porosity (Rahman et al. 2016). Figure 3-6 shows 
an example of the Bentheimer sandstone cores used in this study. The petrophysical 
properties (porosity and permeability) of the Bentheimer samples were determined 
experimentally using a nitrogen automated permeameter-porosimeter (AP-608 with an 
accuracy of ± 0.1%). THF (purity of 99.9 mol%) from Sigma-Aldrich Germany and 
carbon dioxide (purity 99.9 mol%) supplied by BOC Australia were used as hydrate 
formers. The aqueous solution (brine) used was prepared by mixing sodium chloride 
(NaCl) or sodium iodine (NaI) both obtained from Rowe Scientific with purity ≥ 99.5 
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mol% into deionised water from David Gray. The salts were dissolved in deionised 
water to achieve the desired concentrations. 
 
 
Figure 3-6 Bernheimer sandstone core samples used for compressional velocities 
experiments  
 
3.2.2 Experimental Procedure  
To protect the rubber sleeve from the injected fluids, first, clean dry samples were 
wrapped in a layer of plastic foil before they were placed inside the high-pressure cell. 
Then, the cell was connected to the experimental system through the fluids line. The 
cell was placed inside the cooling bath, and the injection pumps, confinement pump 
and transducers were connected. Then, the entire system including the core sample 
were vacuumed for 24 h using the vacuum pump to remove any air from the system, 
and the confining pressure was raised to 8 MPa. The sample was then fully saturated 
with brine by injecting more than 1000 pore volumes (PV) of brine into the cell via 
the inlet tube connected to the top of the cell. Subsequently, the hydrate former (THF 
testing solution or CO2 gas) was injected into the cell at the same conditions and the 
desired flow rate. The hydrate formation process was then started by decreasing the 
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temperature to the hydrate forming temperature. The THF hydrate can form at 
atmospheric pressure and temperature below 277 K whereas the CO2 hydrate forming 
conditions are 3 MPa and 274 K. During this process, the P-wave velocity 
measurements were recorded while maintaining a constant temperature. Increasing the 
P-wave velocities indicated that hydrate was formed. The hydrate formation process 
was completed when there was no change in the compressional velocities. 
Consequentially, P-waves were recorded as a function of a series of confining pressure 
(2–20 MPa). Details of both THF and CO2 hydrate formation procedures are presented 
in chapter 7. 
 
 X-Ray Micro Computed-CO2 Hydrate Formation System for Analysing 
Pore-scale of Hydrate in Sandstone 
 
Here, the experimental system included the following two parts: the CO2 hydrate 
formation system and the µCT imaging instrument. The experimental set-up for the 
CO2 hydrate formation in sandstone is the same as described in section 3.2. However, 
a smaller high-pressure cell (Lebedev et al. 2017, Iglauer and Lebedev 2017) was used 
for CO2 hydrate formation and µCT imaging of small Bentheimer plugs (diameter = 
5mm) as shown in Figure 3-7. The main body of the cell was made from polyether 
ether ketone (diameter = 21 mm, length = 300 mm) supplied by RS Components. The 
plug was fitted in a hole of 8 mm in diameter. The confinement pressure was supplied 
via union fittings (1/4″) passing through stainless steel fluid tubing (1/8″) inside the 
high-pressure cell. A high-resolution CT instrument (3D X-ray Microscope 
VersaXRM 500; XRadia-Zeiss) was used to image the CO2 hydrate-bearing plug at a 
high resolution of 3.43 µm3. A detailed description of the experimental set-up is given 
in Chapter 6. 
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Figure 3-7 High-pressure cell for CO2 hydrate formation in small plugs and CT 
imaging 
 
3.3.1 Materials and Sample Preparation 
The experiments were performed on a small cylindrical Bentheimer sandstone plug 
(diameter = 5 mm, length = 15 mm) as shown in Figure 3-8; this plug was drilled from 
a clean homogenous Bentheimer block from Kocurek Industries and was used as the 
host porous medium for carbon dioxide hydrate in this study. Carbon dioxide with a 
purity of 99.9 mol% supplied by BOC Australia was used as the hydrate-forming gas. 
The aqueous solution used in this study was sodium iodide (NaI) brine prepared by 
dissolving 6 wt% of NaI salt into deionised water. The iodide was used in this 
experiment to ensure sufficient X-ray contrast during the imaging process. 
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Figure 3-8 Photograph of the small cylindrical Bentheimer plug using CT 
imaging experiment 
 
3.3.2 Experimental Procedure 
 
The clean small Bentheimer plug was jacketed in the rubber sleeve and connected to 
the fluid lines inside the pressure-cell (core holder), and the core holder was then 
connected to the hydrate formation system (see Figure 6-1). The experimental system 
including the core holder and flow lines were vacuumed for 24 h to remove air from 
the entire system. Then, the cell was pressurised by increasing the confining pressure 
and the pore pressure to 8 MPa and 3 MPa, respectively. The cooling process was 
achieved by decreasing the temperature to 274 K. These conditions were maintained 
for 24 h to allow hydrate to form and grow inside the core sample. After completing 
the hydrate formation process, the cell was placed inside the μCT instrument, and an 
image of the hydrate-bearing core was acquired at a high resolution of (3.43 μm)3. 
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The cell including the core sample was then left in the μCT scanner for 24 h at room 
temperature (294 K), and the core sample was again imaged using μCT at the same 
high resolution. More details of the experimental set-up, procedure and segmentation 
of the μCT images are discussed in chapter 6. 
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*Reference: Sadeq et al. 2017 in Journal of Natural Gas Science and Engineering, 38, 59-73.  
 Experimental Determination of Hydrate Phase 
Equilibrium for Different Gas Mixtures Containing Methane, 
Carbon Dioxide and Nitrogen with Motor Current Measurements*  
 
 Summary 
Hydrate dissociation equilibrium conditions for carbon dioxide + methane with water, 
nitrogen + methane with water and carbon dioxide + nitrogen with water were 
measured using a cryogenic sapphire cell. Measurements were performed for the 
temperature range of 275.75 K to 293.95 K and for pressures ranging from 5 MPa to 
25 MPa. The resulting data indicated that as the carbon dioxide concentration was 
increased in the gas mixture, the gas hydrate equilibrium temperature increased. In 
contrast, increasing the nitrogen concentration in the gas mixtures containing methane 
or carbon dioxide decreased the gas hydrate equilibrium temperatures.  
In addition, the motor current changes during the hydrate formation and dissociation 
processes were measured by keeping the rotation speed of the magnetic stirrer 
constant, which was connected to a DC motor. The motor current measurements were 
reported and showed that the hydrate plug formation and dissociation could be 
predicted by the changes in the motor current. 
 
 Introduction 
In recent years, the importance of gas hydrates has significantly increased in the energy 
sector. Large amounts of natural gas hydrate deposits have been discovered beneath 
the permafrost areas and in deep oceanic sediments (Buffett 2000, Kim et al. 2005, 
Sloan and Koh 2008). These deposits present an enormous fuel resource (Makogon 
2010), with 2.1×1016 m3 methane gas reserves estimated (Kvenvolden 1988), which 
is more than double the entire combined world reserves of oil, natural gas and coal 
(Makogon et al. 2007, Moridis 2008, Sloan and Koh 2008). Therefore, the oil and gas 
industry are now looking into commercially producing gas from these deposits, and 
preferably combining this production with the sequestration of carbon dioxide (Goel 
2006, Eslamimanesh et al. 2012, Wood 2015). In addition, gas hydrates have received 
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growing attention because of their role in carbon dioxide capture to reduce carbon 
dioxide emissions (Adeyemo et al. 2010, Dashti et al. 2015), gas storage (Sun et al. 
2003, Taheri et al. 2014), transportation (Taheri et al. 2014), cool-energy storage (Xie 
et al. 2010, Wood 2015) and water desalination (Park et al. 2011, Eslamimanesh et al. 
2012). Thus, such low temperature, high-pressure reservoirs are a potential sink for 
anthropogenic carbon dioxide storage and climate change may be mitigated via this 
route (Kvamme et al. 2007). Second, gas hydrate formation presents the main flow 
assurance problem in the oil and gas industry (Englezos 1993, Sloan and Koh 2008, 
Haghighi et al. 2009). Here, gas hydrate particles can agglomerate and build-up 
gradually so that a large mass of hydrate is formed, which can block flowlines, valves, 
chokes and other production equipment (Najibi et al. 2009, Sloan et al. 2010).  
Natural gas hydrates (clathrate hydrates) are solid ice-like, non-stoichiometric 
structures that consist of water and small gas molecules such as methane, carbon 
dioxide, nitrogen, ethane, propane or butane (Bishnoi and Natarajan 1996, Sloan and 
Koh 2008, Delli and Grozic 2014). Clathrate hydrates are classified into the following 
three categories based on the arrangement of the water molecules in the crystal 
structure and the size of the gas molecules: sI, sII and sH (Sloan 2003, Sloan and Koh 
2008, Carroll 2014). Typically, gas hydrates are formed and are stable under high-
pressure conditions at temperatures above the freezing point of water up to 25 °C if a 
gas hydrate former (i.e. a gas) and a sufficient amount of water are available (Sloan 
and Koh 2008). 
In this context, several experimental studies have reported hydrate equilibrium data 
for various gas mixtures, including for methane, nitrogen and carbon dioxide (Unruh 
and Katz 1949, Adisasmito et al. 1991). Later, Ohgaki et al. (1993), Fan and Guo 
(1999), Seo et al. (2000), Kang et al. (2001), Seo et al. (2001), Bruusgaard et al. (2008) 
and Sun et al. (2015) measured hydrate equilibrium data for CO2 and CH4 or N2, 
whereas the N2-CH4 hydrate data were reported by  Jhaveri and Robinson (1965), Lee 
et al. (2006) and  Mei et al. (1996). A summary of the experimental hydrate equilibrium 
data reported in the literature for the CH4+CO2, CH4+N2 and CO2+N2 gas mixtures in 
the presence of water are listed in Table 4-1.  
 Most of the existing experimental data are limited to low and medium pressure 
conditions, while gas hydrates naturally exist in a high-pressure environment. 
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Moreover, natural gas production from deep reservoirs requires hydrate prevention at 
high pressures; thus, reliable and accurate hydrate equilibrium measurements are 
essential to formulate and validate thermodynamic models for predicting the hydrate-
forming conditions. 
We thus measured hydrate equilibria for various gas mixtures (methane + carbon 
dioxide), (methane + nitrogen) and (nitrogen + carbon dioxide) for a wide range of 
temperatures and pressures. 
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Table 4-1 Review of the Gas Hydrate Equilibrium for CH4+CO2, CH4+N2, and 
CO2+N2 and Water Systems 
 
System Reference T/K P/MPa 
CH4+CO2 
Unruh and Katz (1949) 275.5 – 285.7 1.99 – 7.00 
Adisasmito et al. (1991) 273.7 – 287.4 1.45 – 10.95 
Dholabhai and Bishnoi (1994) 277.56-284.84 3.41 – 17.90 
Ohgaki et al. (1993) 280.3 3.04 – 5.46 
Fan and Guo (1999) 273.5 – 282.3 1.10 – 4.80 
Servio et al. (1999) 273.5-283.1 1.7-5.070 
Seo et al. (2001) 274.3 – 283.5 1.5 – 5.0 
Beltrán and Servio (2008a) 275.1 –285.3 1.92 –7.47 
Belandria et al. (2011) 279.1–289.9 2.96 –13.06 
Belandria et al. (2011) 277.9 –285.5 2.72–8.27 
Herri et al. (2011) 277.15 2.04 – 3.90 
Sabil et al. (2014) 272.15 –290.15 1.10 –15.29 
CH4+N2 
Jhaveri and Robinson (1965) 282.8 – 294.4 7.40 – 35.96 
Mei et al. (1996) 273.2 – 279.8 2.64 – 32.42 
Lee et al. (2006) 273.30 –285.05 8.325 –20.70 
CO2+N2 
Fan and Guo (1999) 273.1 – 280.2 1.22 – 3.09 
Kang et al. (2001) 273.75 – 284.25 1.56 – 32.308 
Linga et al. (2007) 273.7 1.6 –7.7 
Bruusgaard et al. (2008) 275.00 – 283.00 2.0 – 22.4 
Kim et al. (2011) 276.88 –285.41 5.0 –20.0 
Herri et al. (2011) 273.40 –281.10 5.60 – 6.10 
Sfaxi et al. (2012) 278.1–285.3 3.24 –29.92 
Sun et al. (2015) 273.4 – 278.4 5.28 – 17.53 
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 Experimental Methodology 
4.3.1 Materials and Gas Preparation 
Methane (purity 99.995 mol%), carbon dioxide (purity 99.9 mol%) and nitrogen 
(purity (99.99 mol%), all supplied by BOC Australia, were used as the received or gas 
mixtures prepared by mass balance as follows: empty 500 mL stainless steel bottles 
(Whitey DOT-3E1800 12EK082) were vacuumed using an Edwards Rotation pump 
(Model E2M2) for 30 min and then weighed using a high-precision electronic balance 
(Shimadzu model UW6200H, accuracy = 0.01 g). The vacuumed bottles were then 
filled with the gas(es) from the main cylinders and reweighed. The weight of the empty 
bottle was 1350 g. The weight difference was then converted into a mole percentage 
(Table 4-2). Two gas sensors (PolyGard manufactured by MSR) measured CO2 and 
CH4 concentrations in the gas mixtures with a standard uncertainty of ± 0.05. 
Deionised water (electrical resistivity of 18 MΩ.cm at 25 °C) was used as the aqueous 
phase. 
 
Table 4-2 Gas mixtures used in the present study 
Component 
Mol% 
Mixture No. 
1 2 3 4 5 6 7 8 9 10 
CH4% 100 90 84 80 90 80 69 64   
CO2%  10 16 20     26 36 
N2%     10 20 31 36 74 64 
 
4.3.2 Experimental Apparatus and Procedure 
A high-pressure apparatus (Sanchez Technology, France) comprising of a sapphire cell 
(60 mL inner volume), piston pump and pneumatic booster pump (Haskel, model AA-
30), valves and connection tubing was employed for the experiments (Figure 4-1). The 
temperature of the cell was carefully controlled with a chiller (R2G2, Model R130A3-
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P4) and electric heater. Furthermore, two thermometers (RTD PT100 sensor with three 
core Teflon tails, Model TC02 SD145) were positioned in contact with the liquid and 
gas at the top and bottom of the sapphire cell, and thus measured the liquid and gas 
temperatures. The pressure inside the sapphire cell was measured with a pressure 
sensor (Sanchez). The maximum uncertainty of the pressure and temperature 
measurements were ± 0.05 MPa and 0.1 K, respectively. All cell contents were 
continuously mixed with an electric stirrer (550 rpm) driven by a DC motor (equipped 
with a variable speed drive). By magnetic coupling, the load on the motor was 
decreased when solid hydrate formed in the cell. The electrical current required to 
maintain a constant motor speed was measured and it was found to be proportional to 
the torque load on the impeller. 
Hydrate formation and dissociation processes in the sapphire cell were observed 
visually using two Sony Digital cameras (Model SSS-DC 18P, 1/3-inch colour DSP 
CCD with 470TV lines of horizontal resolution) located outside the cell. Cooling and 
heating cycles were started by operating the refrigeration compressor or electrical 
heater, respectively. During each experiment, pressure, temperature and motor current 
were continuously recorded at a rate of 12 points per minute. 
In all experiments, the gas steel bottles were fitted into the gas manifold to transfer the 
gas through the piston pump to the PVT sapphire cell. Then, approximately 5 mL of 
deionised water was initially charged into the evacuated clean sapphire cell. 
Subsequently, the gas mixture was introduced into the sapphire cell from the fitted 
steel bottles via the piston pump. The cell was then pressurised by a pneumatic pump 
(Haskel, model AA-30) in combination with a piston pump (Sanchez). Once the 
prescribed pressure was reached, the stirrer was switched on, and cooling was started 
at a rate of approximately 2 K/h until hydrate (formation) was visually observed. The 
cooling process was stopped when complete hydrate crystallisation was achieved. The 
cell was then heated at a rate of 2 K/h to start the hydrate dissociation process. The gas 
hydrate dissociation temperatures, pressures and stirrer currents were measured during 
the experiments. All experiments were repeated for each gas mixture at 5, 7.5, 10, 15, 
20 and 25 MPa and for the temperature range of 275.75K to 293.95K. Moreover, the 
repeatability of the hydrate experimental data was determined by performing the 
experiment three times for the methane hydrate and two times for some randomly 
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selected experiments, with closely matching results obtained. The statistical analysis 
of the obtained experimental data showed a maximum experimental error of 1.65%. 
 
 
Figure 4-1 Schematic of the PVT Sapphire Cell 
 
The PVT sapphire cell apparatus was used to measure the hydrate dissociation 
conditions by employing the temperature search method as an experimental 
determination technique (Kim et al. 2011, Loh et al. 2012, AlHarooni et al. 2015, 
Smith et al. 2015, 2016). Experimentally, the PVT cell was maintained at a constant 
pressure using the piston pump and keeping the valve to the PVT cell open. Because 
of that, the hydrate formation conditions depended on various factors (induction time, 
rate of cooling and memory effect), had a high degree of variance compared to the 
dissociation conditions and represented a fixed thermodynamic property, thus the 
dissociation was considered as the hydrate equilibrium conditions (Tohidi et al. 2000). 
Hydrate dissociation conditions for the carbon dioxide + methane, nitrogen + methane 
and carbon dioxide + nitrogen gas mixtures were measured for the temperature and 
pressure ranges of 275.75K to 293.95K and 5 MPa to 25 MPa, respectively. In 
addition, motor current measurements were used as an indication of gas hydrate plug 
formation and dissociation. 
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 Results and Discussion 
4.4.1 Gas Hydrate Equilibrium Conditions 
Initially, the accuracy of the experimental results was checked by measuring the 
equilibrium conditions for pure methane and the gas mixture containing 20 mol% CO2 
and 80 mol% CH4 (Figure 4-2 and Figure 4-3), with our data in good agreement with 
the literature data (Jhaveri and Robinson 1965, Adisasmito et al. 1991, Dholabhai and 
Bishnoi 1994, Servio et al. 1999, Seo et al. 2001, Nakamura et al. 2003, Mohammadi 
et al. 2005, Lu and Sultan 2008, Beltrán and Servio 2008a, Sabil et al. 2014). The 
measured hydrate data are listed in Table A-1, Table A-2 and Table A-3 and plotted in 
Figure 4-4, Figure 4-5 and Figure 4-6. 
Figure 4-4 shows the equilibrium conditions for the CO2+CH4 gas mixture. As 
expected, the CO2+CH4 hydrate equilibrium curves are located between the 
equilibrium curves of pure CO2  and pure methane (Ohgaki et al. 1993, Sloan and Koh 
2008). Furthermore, as the CO2 concentration increased in the CO2-CH4 mixture, the 
equilibrium temperature also increased, approaching the curve for pure CO2. Figure 
4-4 shows that the measured CO2+CH4 hydrate data in the present study showed a 
similar trend with the data available in the literature (Adisasmito et al. 1991, Ohgaki 
et al. 1993, Fan and Guo 1999).  
An analogue scenario was observed for the N2+CH4 system (Figure 4-5). Again the 
equilibrium curves of the N2+CH4 mixture are located in between the curves for pure 
N2 (Van Cleeff and Diepen 1960) and pure CH4, and the gas hydrate equilibrium 
temperature decreased with increasing N2 concentration, approaching the N2 curve. 
Jhaveri and Robinson (1965), Mei et al. (1996) and Lee et al. (2006) observed similar 
behaviour. This is due to the dilution effect of nitrogen, which leads to a lower hydrate 
temperature.   
This behaviour was again observed for the carbon dioxide + nitrogen mixtures (Figure 
4-6), i.e. the presence of CO2 in the CO2+N2 mixture led to an increased hydrate 
equilibrium temperature. The equilibrium curve of 64 mol% nitrogen (36 mol% carbon 
dioxide) is closer to the pure carbon dioxide curve than the pure nitrogen curve. This 
phenomenon was also observed by Seo et al. (2000), who explained that this behaviour 
was due to the competition of CO2 and N2 molecules for optimum occupancy of the 
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hydrate structure. Mechanistically, during the hydrate formation process, CO2 
molecules occupy small and large cavities in the hydrate structure whereas N2 
molecules fill the other unoccupied cavities.  
 
Figure 4-6 shows that the N2 + CO2 data reported in the present study are incomparable 
to the behaviour of those in the literature (Kang et al. 2001). Figure 4-7, Figure 4-8 
and Figure 4-9 show plots of ln P vs 1/T for the experimental data obtained in the 
present study, which show a good linear relationship. 
 
 
 
 
Figure 4-2 Comparison of CH4 hydrate dissociation points (black squares: 
experimental data; open symbols: literature data (Jhaveri and Robinson 1965, 
Adisasmito et al. 1991, Nakamura et al. 2003, Mohammadi et al. 2005, Sabil et al. 
2014) 
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Figure 4-3 Comparison of 80 mol% methane and 20 mol% carbon dioxide 
hydrate dissociation points (black squares: experimental data; open symbols: 
literature data (Dholabhai and Bishnoi 1994, Servio et al. 1999, Seo et al. 2001, 
Lu and Sultan 2008, Beltrán and Servio 2008a) 
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Figure 4-4 CH4 hydrate equilibrium curves. Closed symbols represent our 
experimental data and open symbols represent the literature data: Pure carbon 
dioxide reported by Ohgaki et al. (1993), 8% carbon dioxide reported by 
Adisasmito et al. (1991) and 96.54% carbon dioxide reported by Fan and Guo 
(1999). Numbers indicate gas mole in the mixture  
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Figure 4-5 N2-CH4 hydrate equilibrium curves. Closed symbols represent 
experimental data and open symbols represent literature data: pure nitrogen 
reported by Van Cleeff and Diepen (1960), 10.7% nitrogen reported by Mei et al. 
(1996), 59.61% nitrogen reported by Lee et al. (2006) and 68.77% nitrogen 
reported by Lee et al. (2006). Numbers indicate gas mole in the mixture   
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Figure 4-6 CO2-N2 hydrate equilibrium curves. Closed symbols represent 
experimental data and open symbols represent the literature data: pure nitrogen 
reported by Van Cleeff and Diepen (1960), pure carbon dioxide reported by 
Ohgaki et al. (1993), 88.41% nitrogen reported by Kang et al. (2001), 82.39% 
nitrogen reported by Kang et al. (2001) and 22.2% nitrogen reported by Kang et 
al. (2001). Numbers indicate gas mole in the mixture 
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Figure 4-7 Experimental CO2-CH4 hydrate equilibrium data in ln Pressure versus 
1/Temperature plot. Numbers indicate gas mole percentages in the mixture used 
in this study 
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Figure 4-8 Experimental N2-CH4 hydrate equilibrium data in ln Pressure versus 
1/Temperature. Numbers indicate gas mole percentages in the mixture used in 
this study 
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Figure 4-9 Experimental CO2-N2 hydrate equilibrium data in ln Pressure versus 
1/Temperature. Numbers indicate gas mole percentages in the mixture used in 
this study 
 
4.4.2 Current as an Indication of Hydrate Plug and Dissociation 
 
In the present study, visual observation was employed to measure the hydrate 
dissociation condition. In some experiments, this technique was not available, 
especially where the experimental cell is not visual. Therefore, the motor current 
changes during the hydrate formation/dissociation process could be related to the 
hydrate plug formation and dissociation. The motor current is a function of the torque 
required to mix the sapphire cell contents; once a hydrate plug is formed, the torque 
and thus the motor current increases due to the increasing load on the stirrer.   
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The stirrer motor current as a function of experimental time was measured in a set of 
experiments as shown in Figure 4-10, Figure 4-11, Figure 4-12 and Figure 4-13. 
Clearly, the motor current changes during hydrate formation and dissociation. Initially, 
the motor current remains constant but then increases dramatically until it reaches a 
maximum. This maximum indicates the presence of the full plug of the gas hydrate. 
However once the solid plug hydrate was formed, the motor current decreased rapidly 
due to slippage of the stirrer on the magnetic coupling. After dissociation began, the 
stirrer started rotating again due to the magnetic stirrer being reconnected to the motor 
and a small spike in the motor current was observed. Therefore, there was no 
significant current change before hydrate plug formation, whereas the current changed 
significantly once the full hydrate plug was formed. The hydrate behaviour as 
indicated by the motor current was consistent with independent visual observations. 
Therefore, the motor current can be used as a hydrate formation and dissociation 
criterion. 
 
Figure 4-10 Motor current and temperature vs time during hydrate 
formation/dissociation process for pure CH4 at a pressure of 10 MPa 
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Figure 4-11 Motor current and temperature vs time during hydrate 
formation/dissociation process for a 10% CO2 + 90% CH4 gas mixture at a 
pressure of 10 MPa 
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Figure 4-12 Motor current and temperature vs time during hydrate 
formation/dissociation process for a 16% CO2 + 84% CH4 gas mixture at a 
pressure of 10 MPa 
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Figure 4-13 Motor current and temperature vs time during hydrate 
formation/dissociation process for a 80% CH4 + 20% CO2 gas mixture at a 
pressure of 10 MPa 
 
Figure 4-14 shows a series of images that were captured during the hydrate formation 
process in the PVT sapphire cell. During cooling and when the temperature reached 
2–4 degrees below the hydrate dissociation temperature, hydrate formation started at 
the liquid-gas interface (Figure 4-14a), which is consistent with Tohidi et al. (2001) 
and Ueno et al. (2015). 
With continuing progress of the experiment, hydrate particles grew gradually on the 
surface area and then built up towards the centre (Figure 4-14b). Later, the hydrate 
particles increased in size and migrated into the liquid phase, which shrank due to 
hydrate growth (Figure 4-14c-e). However, the PVT cell content was still flowing and 
no apparent change in the motor current was observed during this period. Gas hydrates 
continued to grow until all liquid was consumed. At this stage, the motor current began 
to increase dramatically until it reached the maximum value. Once the solid hydrate 
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plug was sharply formed (Figure 4-14f), the magnetic stirrer stopped moving, and the 
hydrate completely blocked the system causing a rapid decrease in the current. During 
the heating process, the gas hydrate started dissociating and gas bubbles appeared in 
the solid phase (Figure 4-14g). At this point, the stirrer started to move again, and a 
small increase in the current was measured.   
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Figure 4-14 Images captured during the experiments 
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 Conclusions 
The gas hydrate equilibrium conditions are of major significance in the energy sector 
due to the importance of gas hydrates as a potential alternative energy resource, as a 
means of CO2 sequestration, as a factor in global climate change and as a threat to flow 
assurance and gas production systems. Thus, in the present study, the hydrate 
equilibrium data for the carbon dioxide + methane + water, nitrogen + methane + water 
and carbon dioxide + nitrogen + water systems were experimentally measured in the 
PVT sapphire cell apparatus. Experiments were conducted at temperatures varying 
from 275.75K to 293.95K and pressures ranging from 5 MPa to 25 MPa. An acceptable 
agreement was found between the obtained experimental data and the literature data 
(Jhaveri and Robinson 1965, Adisasmito et al. 1991, Dholabhai and Bishnoi 1994, 
Servio et al. 1999, Seo et al. 2001, Nakamura et al. 2003, Mohammadi et al. 2005, 
Beltrán and Servio 2008a, Lu and Sultan 2008, Sabil et al. 2014). Specifically, we 
observed that at any given pressure the hydrate equilibrium temperature increased with 
increasing CO2 mole percentage in the CO2 + CH4 and CO2 + N2 gas mixtures, whereas 
increasing the N2 mole fraction in the N2 + CH4 gas mixture reduced the hydrate 
equilibrium temperature at any given pressure. Furthermore, motor current 
measurements were performed during the gas hydrate formation and dissociation 
process, which showed that the motor current could be used as a gas hydrate formation 
and dissociation criterion, particularly in the cases where visual observations are not 
possible.  
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 Thermodynamic Modelling and Empirical Correlation 
for the Prediction of Gas Hydrate Equilibrium Conditions*  
 
 Summary 
Following on from chapter 4 where experimental hydrate equilibrium measurements 
for carbon dioxide + methane, nitrogen + methane and carbon dioxide + nitrogen were 
determined, this chapter seeks to present approaches for modelling gas hydrate 
equilibrium conditions. As mentioned previously, gas hydrate formation represents 
one of the main problems facing the oil and gas industry as it poses a significant threat 
to the production, processing and transportation of natural gas. Here, gas hydrate 
particles can agglomerate and build up gradually so that a large mass of hydrate is 
formed, which can block flowlines, valves, chokes and other production equipment. 
Thus, accurate predictions of gas hydrate equilibrium conditions are essential 
requirements for designing gas production systems at safe operating conditions and 
mitigating the problems caused by the formation of hydrates. Thus, in this chapter, 
first, a thermodynamic model for gas hydrate equilibrium conditions and cage 
occupancies for the gas mixtures containing methane, carbon dioxide and nitrogen at 
different compositions are proposed. The van der Waals-Platteeuw thermodynamic 
theory coupled with the Peng-Robinson equation of state and Langmuir adsorption 
model are employed in the proposed model. The experimental measurements 
generated in chapter 4 are used to evaluate the accuracy of this model. The results are 
discussed extensively in the discussion section.  
Second, a new hydrate empirical correlation for predicting gas hydrate equilibrium 
conditions was obtained for the same hydrate mixtures. The new correlation was 
proposed for a wide range of pressures, temperatures and gas specific gravities. The 
nonlinear regression technique was applied to develop the correlation based on 142 
experimental data points collected from the literature, validated by 85 data points not 
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previously used for developing this correlation. The statistical parameters analysis 
showed an average absolute error of 0.2183, a squared correlation coefficient (R2) of 
0.9978 and standard deviation of 0.2483. In addition, comparing the new correlation 
results with the experimental data and with those calculated by other correlations 
showed an excellent performance for the investigated range.  
 
 Introduction 
Natural gas hydrates (clathrate hydrates) are nonstoichiometric solid ice-like 
compounds that are composed mainly of water molecules, which physically encage 
small gas molecules. Methane, carbon dioxide, nitrogen, ethane and propane are 
examples of gas hydrate formers (Sloan and Koh 2008, Delli and Grozic 2014). 
Generally, depending on the arrangement of the water molecules and the size of the 
gas molecules, gas hydrates have been found to form the following three structures: 
sI, sII and sH (Sloan 2003, Carroll 2014). Typically, gas hydrate formation is expected 
whenever a system of gas hydrate former (i.e. gas) and water molecules exist at 
specific conditions of high pressure and low temperatures (usually pressure above 
0.6 MPa and temperatures above the freezing point of water up to 300 K (Sloan and 
Koh  2008)). 
The importance of gas hydrates in the oil and gas industry became apparent in the 
1930s when Hammerschmidt (1934) discovered that solid hydrates were plugging the 
oil and gas transmission pipelines. Since then, gas hydrates have been considered as a 
flow assurance problem in the oil and gas industry. In addition, gas hydrates could 
have severe consequences to the oil and gas production facilities regarding safety and 
cost. Moreover, gas hydrate technology has many applications in the industry due to 
the high stability and storage capacity (up to 180 m3 of gas can be stored in 1 m3 of 
hydrates at standard conditions) (Sloan and Koh 2008). Therefore, gas hydrates can be 
considered as a secure and convenient method for gas storing and transportation 
(Taheri et al. 2014) and as a potential energy resource (Makogon 2010). Thus, accurate 
prediction of hydrate equilibrium conditions is essential for designing gas production 
systems at safe operating conditions, and for investigating the feasibility of gas hydrate 
as a storage and transportation medium. The best method for determining the hydrate 
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equilibrium conditions is to measure them experimentally. However, experimental 
measurements of hydrate temperatures and pressures for a wide range of gas 
compositions are not feasible. Thus, in the present study  we first applied the Langmuir 
adsorption model coupled with van der Waals-Platteeuw theory (van der Waals and 
Platteeuw 1959) and the Peng-Robinson equation of state (Peng and Robinson 1976) 
to describe the CO2 + CH4, N2 + CH4 and N2 + CO2 hydrate equilibrium conditions 
compared to the experimental measurements conducted in the cryogenic sapphire cell 
for the temperature and pressure ranges of 275.5K to 292.95 K and 5 MPa to 25 MPa, 
respectively. Moreover, the cage occupancies for the gas mixtures in each cavity of 
hydrate were evaluated. Second, a new hydrate empirical correlation for predicting 
hydrate equilibrium conditions for different gas mixtures containing methane, nitrogen 
and carbon dioxide was established for the pressure range of 1.7–450 MPa and 
temperature range of 273–320 K for specific gravities of 0.533–1. The results acquired 
using the new correlation were compared with the literature data and computational 
results from other widely used industrial empirical correlations. 
 
 Methodology 
5.3.1 Theoretical Model Prediction 
The occupancies of the sI hydrate cavities were evaluated based on the fact that at 
equilibrium the chemical potential of water in the hydrate phase (𝜇𝑤
𝐻) equates to the 
chemical potential of water in the liquid phase (µw
L ) as per Equation 5-1 below: 
 
µ𝑤
H = µw
L   5-1 
      
Therefore, the chemical potential difference of water in the hydrate phase was equal 
to the chemical potential difference of water in the liquid phase. Water molecules adopt 
the formation of a lattice due to a lowering value of Gibbs free energy, hence the 
change in chemical potential from a hypothetical empty hydrate lattice (superscript β) 
to an occupied lattice (i.e. hydrate, superscript (H)) can be expressed using Equation 
5-2 as: 
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∆𝜇𝑤
𝐻 = ∆𝜇𝑤
𝐿 = 𝜇𝑤
𝐻 − 𝜇𝑤
𝛽
= 𝜇𝑤
𝛽
− 𝜇𝑤
𝐿       5-2 
   
 
The fractional occupancy of each hydrate cavity type was calculated based on the 
Langmuir adsorption approach. The occupancy of hydrate former ‘i’ in cavity type ‘j’ 
is a function of the fugacity of ‘i’, fi (evaluated with the Peng-Robinson equation of 
state), and the Langmuir constant for a specified i – j combination, Ci,j, as shown in 
Equation 5-3: 
 
𝜃𝑖,𝑗 = 
𝐶𝑖,𝑗𝑓𝑖
1 + ∑ 𝐶𝑖,𝑗𝑓𝑖𝑖
 
 
5-3 
 
Using the Lennard-Jones-Devonshire cell potential theory, a relationship describing 
Ci,j in terms of the cell potential, ω(r), Equation 5-4 was put forward by van der Waals 
and Platteeuw (van der Waals and Platteeuw 1959): 
 
𝐶𝑖,𝑗 = 
4𝜋
𝑘𝑇
∫ exp (
𝜔(𝑟)
𝑘𝑇
) 𝑟2𝑑𝑟
𝑅
0
 
 
5-4 
 
The Lennard-Jones-Devonshire theory takes the average of the potential between the 
solute (i.e. hydrate former) and the water. It also considers the coordination of the 
solute to water molecules for a particular cavity type, zj, which is 20 for the small 5
12 
cavities and 24 for the large 51262 cavity (Sloan and Koh 2008). Parameters k and T 
represent the Boltzmann constant and temperature, respectively. The cell potential is 
given according to Equation 5-5 and Equation 5-6: 
 
𝜔(𝑟) = 2𝑧𝑗𝑒 [
𝜎12
𝑅𝑗
11𝑟
(𝛿10 +
𝑎
𝑅𝑗
𝛿11) − 
𝜎6
𝑅𝑗
5𝑟
(𝛿4 +
𝑎
𝑅𝑗
𝛿5)] 
 
5-5 
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𝛿𝑁 = 
1
𝑁
[(1 − 
𝑟
𝑅𝑗
 −  
𝑎
𝑅𝑗
)
−𝑁
− (1 + 
𝑟
𝑅𝑗
 −  
𝑎
𝑅𝑗
)
−𝑁
] 
 
5-6 
 
   
Cell potential is a function of the distance, r, between the guest molecule and the centre 
of the cavity. The constants a, e and σ are experimentally fitted parameters, or Kihara 
parameters, that are unique for every hydrate former and Rj is the radius of the cavity 
‘j’. Values of 3.95 and 4.33 Å are used for the small and large cavities, respectively 
(Lederhos et al. 1993). The remaining parameter values used in the present study are 
given in Table 5-1 (Erickson 1983). 
The change in the chemical potential of water from an unoccupied water lattice to a 
hydrate structure can be used with the previous equations to calculate occupancies at 
the experimentally determined equilibrium conditions. This chemical potential change 
is given by Equation 5-7: 
 
∆𝜇𝑤
𝐻 = 𝜇𝑤
𝐻 − 𝜇𝑤
𝛽
= 𝑅𝑇 ∑ 𝑣𝑗  𝑙𝑛 (1 − ∑ 𝜃𝑖,𝑗𝑖 )𝑗       5-7 
   
where, 𝑣𝑗  is the number of ‘j’ cavities per water molecule (𝑣𝑗  = 1/23 and 𝑣𝑗  = 3/23 for 
small cavities and large cavities, respectively) (Sloan and Koh 2008). Experimentally 
determined estimates of ∆𝜇𝑤
𝐻 have previously been suggested. A value of -1264 J/mol 
provided by Erickson (1983) has been applied in the present study, permitting the 
evaluation of methane and carbon dioxide occupancies. 
 
Table 5-1 Kihara potential parameters 
Guest a, Å σ, Å e/k, K 
CH4 0.3834 3.14393 155.593 
CO2 0.6805 2.97638 175.405 
N2 0.3526 3.13512 127.426 
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5.3.2 Empirical Correlation Prediction 
Several methods have been proposed to predict hydrate equilibrium conditions. 
Historically, the K-value method was the first one used for predicting the hydrate 
formation conditions depending on using empirically estimated equilibrium constants 
(Carson and Katz 1942). Subsequently, Katz (1945) proposed the gas gravity method 
by generating charts relating the hydrate pressure and temperature to gas gravity 
defined as the molecular weight. This method represents a simple tool for predicting 
the gas hydrate conditions but has a limitation that methane is the primary gas with 
respect to other gases in the mixture (such as ethane, propane and butane). Later, the 
regression analysis method was employed by many researchers to correlate the hydrate 
equilibrium conditions as a function of gas gravity. Some of the correlations based on 
this method are Hammerschmidt (1936), Berge (1986), Motiee (1991) and Salufu and 
Nwakwo (2013). 
The gas gravity method has been widely used in the gas processing industry as a simple 
tool for the initial estimation of the hydrate equilibrium conditions. This method was 
established as a chart that related the hydrate formation temperature and pressure with 
the gas mixtures specific gravity. The main limitation of this method is that the gas 
mixture mainly consists of methane, which results in a 50% error in the calculated 
hydrate conditions (Elgibaly and Elkamel 1998). This error was generated because the 
method predicts using the same hydrate conditions for different gas mixtures having 
equal specific gravities. In this context, various hydrate correlations have been 
proposed to predict the hydrate conditions for gas mixtures as a function of the specific 
gravity. In the present study, a comparison was conducted with some of the available 
correlations of the gas gravity method. Hammerschmidt (1936) proposed a simple 
relation for estimating the initial hydrate temperature as follows in Equation 5-8: 
 
𝑇 = 8.9 × 𝑃0.285   5-8 
 
This correlation was developed for pressures less than 2000 psi (13.7 MPa) and a 
temperature less than 60 °F (288.7 K). 
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Motiee (1991) developed Equation 5-9, which contains six parameters using a 
regression method and correlated hydrate temperature, pressure and specific gravity: 
𝑇 = −124951 + 48.98387 × 𝑙𝑜𝑔(𝑃) + 2.66303 × (𝑙𝑜𝑔 (𝑃))2 + 176.9101
×  𝑆𝑔 ± 75.5873 ×  𝑆𝑔
2 ± 10.45  𝑆𝑔 × 𝑙𝑜𝑔(𝑃) 
5-9 
 
 
Motiee’s (1991) correlation has a limitation in that it is not applicable to gas mixtures 
containing non-hydrocarbon gases. 
 
Salufu and Nwakwo (2013) proposed a correlation that required pressure and specific 
gravity to predict the hydrate equilibrium temperature as defined in Equation 5-10: 
𝑇 = 𝐴[𝑙𝑛 𝑃 − 𝑙𝑛(𝐵 ×  𝑆𝑔)]        5-10 
 
where, 𝑃 , 𝑇 and  𝑆𝑔 are the pressure in psi, the temperature in °F and the specific 
gravity of gas mixture, respectively, while A and B are the Salufu correlation constants 
given as follow: 
 
A = 10.9529 and B = 2.4196 for the specific gravity range of 0.85–1 
A = 12.1212 and B = 8.7511 for the specific gravity range of 0.6–0.84 
A = 16.2602 and B = 105.358 for the specific gravity range of 0.1–0.559 
 
In the new correlation, the hydrate temperature was correlated as a function of pressure 
and gas specific gravity (i.e. the temperature was a dependent variable whereas the 
pressure and specific gravity were independent variables). A simple mathematical 
formula was proposed as shown in Equation 5-11: 
 
𝑇 = 𝑎1  × 𝑃
𝑎2 +
𝑎3
𝑎4− 𝑆𝑔
− 𝑎5   5-11 
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where, T is the calculated temperature in Kelvins, P is the pressure in MPa,  𝑆𝑔 is the 
gas specific gravity and 𝑎1-𝑎5 are the correlation coefficients given in Table 5-2.  A 
total number of 227 experimental data points for different gas mixtures containing 
methane, carbon dioxide and nitrogen were collected from the literature as shown in 
Table 5-3 to develop the correlation. The nonlinear regression technique was applied 
to provide a strong relationship for correlating the hydrate equilibrium temperature to 
the equilibrium pressure and gas specific gravity. First, out of the collected 
experimental dataset, 142 data points were employed to obtain the fitting parameters 
for the correlation as listed in Table 5-2. Then, the remaining 85 data points were used 
to check the validity of the new correlation. The hydrate equilibrium temperature given 
by Equation 5-11 was correlated for a pressure range of 1.7–330 MPa and temperature 
range of 273–320 K and covered gas mixtures containing methane, carbon dioxide and 
nitrogen for a specific gravity range of 0.553 to 1.  
 
 
Table 5-2 Coefficient values of the new correlation, Equation 5-11 
Coefficients Values 
𝑎1 99.49483 
𝑎2 0.069881 
𝑎3 7271.546 
𝑎4 38.76813 
𝑎5 22.02004 
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Table 5-3 Experimental data collected from the literature used to construct the 
new correlation 
Source 
Temperature 
range, K 
Pressure 
range, MPa 
Specific 
gravity 
range 
No. of 
data 
points 
Unruh and Katz (1949) 277–281 2.84–5.1 0.621–0.88 6 
Jhaveri and Robinson 
(1965) 
273.2–295.2 2.65–34.33 0.553–0.85 35 
Adisasmito et al. (1991) 273.7–287.6 1.81–10.95 0.63–0.987 29 
Dholabhai and Bishnoi 
(1994) 
274.1–284.84 2.36–7.53 0.74688 4 
Mei et al. (1996) 273.7–285.3 2.99–10.1 0.5975 8 
Servio et al. (1999) 274–278.26 2.315–3.4 0.7468 4 
Nakano et al. (1999) 305.9–320.54 98–330 0.533 16 
Seo et al. (2001) 273.1–281.46 2–5 0.75–0.96 12 
Seo and Lee (2001) 274.36–282.6 2–5 0.746 3 
Beltrán and Servio (2008b) 279.2–285.34 3.24–7.47 0.7468 3 
Belandria et al. (2010) 279.1–284.2 3.6–5.29 0.81–0.815 4 
Belandria et al. (2011) 277.9–285.5 4.03–8.27 0.75–1 6 
Herri et al. (2011) 273.4–286.4 2.68–10.27 0.553–0.9 13 
Lee et al. (2012) 274–278 1.71–4.24 0.553–1 11 
Le Quang et al. (2016) 275.35–282.1 2.91–5.6 0.77–0.785 13 
Sadeq et al. (2017) 276.8–293.95 5–25 0.553–0.75 53 
Kastanidis et al. (2017) 274.3–278.7 2.63–4.01 0.7991 7 
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 Results and Discussion 
5.4.1 Theoretical Model Prediction 
Fractional occupancies were calculated for CO2 + CH4 mixtures (Table 5-4), N2 + CH4 
mixtures (Table 5-5) and N2 + CO2 mixtures (Table 5-6) for each cavity using Equation 
5-3.  Table 5-4 shows that the guest/cavity size ratio for methane in the small cavity 
was 0.867 and was 0.744 in the large cavity. For carbon dioxide, the ratios were1.018 
and 0.874 for the small and large cavities, respectively (Lederhos et al. 1993). Given 
that the carbon dioxide guest size exceeds that of the small cavity, carbon dioxide 
adsorption is unlikely to occur. However, previous studies have shown that carbon 
dioxide occupation of the small cavity can occur with pure carbon dioxide gas 
(Ripmeester and Ratcliffe 1998, Circone et al. 2003). Methane has a far greater 
propensity towards the cavity due to its optimal guest/cavity ratio and its concentration 
far exceeds the carbon dioxide concentration in all gas mixtures. Methane was 
therefore assumed to dominate the occupation of small cavities; hence, the occupation 
of carbon dioxide was negated.  
An interesting observation was the greater overall occupation of large cavities. This 
was particularly noticeable at lower pressures. Methane and carbon dioxide were both 
capable of stabilising the large cavity, as evidenced by their guest/cavity ratios, 
although carbon dioxide offered greater stability. It makes sense that with two capable 
guests for the large cavity compared to one for the small cavity, θi,l would be greater 
than θi,s. Methane has been shown to occupy the large cavity to a greater extent in the 
absence of carbon dioxide (Lee et al. 2013).  It is likely that due to the relatively higher 
number of large cavities in sI hydrates (6 to 2 in a unit cell), methane will prefer the 
large cage. With more possible sites for methane guests to fill relative to small cages, 
a higher methane occupancy of large cages than small cages will result in greater free 
energy changes and therefore greater lattice stabilisation.  
 Results also demonstrated an increase in θi,j for both sI cavities with pressure, which 
is in accordance with Equation 5-3. The filling of small cavities decreased with 
increased carbon dioxide concentration due to the accompanying reduction in methane 
partial pressure (and fugacity). Similarly, carbon dioxide filling of large cavities 
increased with CO2 concentration and the small cavity occupation by methane 
decreased to a minor extent. Likewise, the extent of large cavity occupation by carbon 
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dioxide increased drastically and appeared to be proportional to CO2 concentration. 
This increase ultimately reduced the filling of large cavities by methane. Greater 
inclusion of carbon dioxide in the lattice stabilises the hydrate structure because CO2-
water interactions are stronger than CH4-water interactions in the large cage (Sloan 
and Koh 2008). Therefore, the increase in θCO2,l promoted hydrate equilibrium 
conditions. 
For N2 + CH4 hydrates, the cage occupancy ratio of CH4, 𝜃𝑙/𝜃𝑠 was greater than 1, 
which indicated that the small cages were less occupied than the large cages. CH4 
molecules occupy the large and small cavities of sI (Sum et al. 1997), whereas N2 
molecules prefer to occupy the small cages (Seo and Lee 2004). Thus, the methane 
molecules mainly occupy large cages and compete with nitrogen molecules for the 
best occupancy of small cages. The results also indicated that the occupancy of 
methane in both large and small cavities, 𝜃CH4,𝑙 and 𝜃CH4,𝑠, respectively, decreased 
with increased N2 concentration in the mixture. This reduction caused an increase in 
N2 occupancy and explained the dilution effect of nitrogen. For N2 + CO2, the nitrogen 
filling of small cavities increased drastically with N2 concentration, which decreased 
CO2 occupation of small cavities. This might explain the structural transformation 
phenomenon of mixed N2 + CO2 hydrates, which will be discussed later on. 
Furthermore, the results also demonstrated an increase in the occupancy for both the 
small and large cavities of N2 + CH4 and N2 + CO2 hydrates with pressure, which is in 
accordance with Equation 5-3. 
The comparison of the experimental data presented in chapter 4 and the model 
calculations for various CO2 + CH4, N2 + CH4 and N2 + CO2 hydrates are illustrated in 
Figure 5-1, Figure 5-2 and Figure 5-3, respectively. Figure 5-1 shows that the model 
results using the Kihara parameters were in good agreement with the experimental 
results at low to mid pressures. However, at higher pressures, the experimental 
equilibrium points were noticeably further to the right (higher temperature). This 
discrepancy could potentially be a consequence of the assumption that CO2 does not 
occupy small cages. Therefore, results indicated that the model was accurate at lower 
pressures (<10 MPa), while it had considerable deviation at extreme high pressures 
where CO2 has the propensity (however small) to occupy the large cavities of sI.  
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Figure 5-2 and Figure 5-3 shows that the modelling results are in good agreement with 
the experimental data for N2 + CH4 hydrates and 64 mol% N2 + 36 mol% CO2. 
However, the experimental equilibrium points were not consistent with the modelling 
results. This variation could possibly be due to the structural conversion of sI/sII. 
Nitrogen, as the smallest hydrate former, can stabilise small cavities of sII, while 
carbon dioxide is well known to form sI (Kang et al. 2001).  Literature studies revealed 
that the structure of  N2 + CO2 hydrates could either be of sI or sII depending on the 
amount of nitrogen and carbon dioxide filled in the small and large cavities (Kang and 
Lee 2000). Therefore, the structural transition possibly occurs for the mixed N2 + CO2 
hydrates. Further investigations with direct observations using appropriate techniques 
such as NMR and X-ray diffraction is recommended to study the potential structure 
transition of N2 + CO2 hydrates. 
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Table 5-4 Cage occupancy calculations for CO2 + CH4 mixtures in small and large 
cavities  
CO2 
(mol%) 
P 
(MPa) θCH₄,l θCH₄,s θCO2,l θi,s θi,l 
10 
5.0 0.8468 0.8322 0.1288 0.8468 0.9611 
7.5 0.8924 0.8437 0.1300 0.8924 0.9737 
10 0.9172 0.8498 0.1303 0.9172 0.9802 
15 0.9434 0.8564 0.1303 0.9434 0.9867 
20 0.9573 0.8604 0.1297 0.9573 0.9901 
25 0.9659 0.8628 0.1293 0.9659 0.9921 
16 
5.0 0.8376 0.7605 0.2014 0.8376 0.9619 
7.5 0.8855 0.7712 0.2030 0.8855 0.9742 
10 0.9118 0.7771 0.2035 0.9118 0.9806 
15 0.9396 0.7831 0.2039 0.9396 0.9870 
20 0.9545 0.7874 0.2029 0.9545 0.9903 
25 0.9636 0.7908 0.2015 0.9636 0.9923 
20 
5.0 0.8306 0.7144 0.2479 0.8306 0.9623 
7.5 0.8806 0.7241 0.2505 0.8806 0.9746 
10 0.9077 0.7300 0.2508 0.9077 0.9808 
15 0.9368 0.7362 0.2509 0.9368 0.9872 
20 0.9523 0.7409 0.2495 0.9523 0.9904 
25 0.9619 0.7446 0.2478 0.9619 0.9924 
Subscripts ‘s’ and ‘l’ refer to small and large cavities, respectively. 
Subscripts ‘CH4’ and ‘CO2’ refer to methane and carbon dioxide, respectively. 
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Table 5-5 Cage occupancy calculations for N2 + CH4 mixtures in small and large 
cavities 
N2 
  (mol%) 
P        
(MPa) 
θCH₄,s θCH₄,l θN₂,s θN₂,l θi,s θi,l 
10 
 
5 0.8272 0.8626 0.0855 0.0603 0.9127 0.9229 
7.5 0.8327 0.8705 0.0930 0.0656 0.9258 0.9361 
10 0.8356 0.8748 0.0996 0.0702 0.9352 0.9450 
15 0.8337 0.8758 0.1120 0.0790 0.9457 0.9548 
20 0.8319 0.8759 0.1214 0.0857 0.9533 0.9616 
25 0.8290 0.8747 0.1294 0.0914 0.9584 0.9661 
20 
7.5 0.7432 0.8013 0.1843 0.1341 0.9276 0.9354 
10 0.7410 0.8017 0.1953 0.1423 0.9363 0.9440 
15 0.7326 0.7974 0.2151 0.1573 0.9477 0.9548 
20 0.7238 0.7918 0.2314 0.1698 0.9552 0.9616 
25 0.7178 0.7878 0.2437 0.1792 0.9614 0.9670 
31 
5 0.6505 0.7210 0.2664 0.2000 0.9168 0.921 
7.5 0.6458 0.7208 0.2832 0.2134 0.9290 0.9342 
10 0.6401 0.7182 0.2979 0.2252 0.9380 0.9433 
15 0.6271 0.7094 0.3222 0.2449 0.9493 0.9543 
20 0.6158 0.7009 0.3414 0.2607 0.9572 0.9616 
25 0.6072 0.6943 0.3558 0.2727 0.9630 0.9670 
36 
5 0.6072 0.6836 0.3100 0.2364 0.9172 0.9200 
7.5 0.6032 0.6837 0.3290 0.2520 0.9322 0.9357 
10 0.5971 0.6805 0.3439 0.2643 0.9411 0.9447 
15 0.5825 0.6698 0.3698 0.2860 0.9523 0.9559 
20 0.5696 0.6596 0.3895 0.3029 0.9591 0.9625 
25 0.5590 0.6509 0.4057 0.3169 0.9647 0.9678 
 
Subscripts ‘s’ and ‘l’ refer to small and large cavities, respectively. 
Subscripts ‘CH₄’ and ‘N2’ refer to methane and nitrogen, respectively. 
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Table 5-6  Cage occupancy calculations for N2 + CO2 mixtures in small and 
large cavities 
N2  
(mol%) 
P        
(MPa) θCO₂,s θCO₂,l θN₂, s θN₂,l θi,s θi,l 
64 
5 0.2458 0.9042 0.6447 0.0780 0.8996 0.9822 
7.5 0.2335 0.8956 0.6881 0.0897 0.9216 0.9852 
10 0.2121 0.8846 0.7227 0.1022 0.9348 0.9868 
15 0.1751 0.8597 0.7758 0.1287 0.9509 0.9885 
20 0.1492 0.8361 0.8111 0.1533 0.9603 0.9894 
74 
5 0.1864 0.8640 0.7230 0.1147 0.9094 0.9787 
7.5 0.1695 0.8522 0.7588 0.1299 0.9283 0.9821 
10 0.1549 0.8396 0.7849 0.1444 0.9398 0.9840 
15 0.1298 0.8118 0.8245 0.1745 0.9543 0.9863 
20 0.1125 0.7867 0.8507 0.2010 0.9632 0.9877 
Subscripts ‘s’ and ‘l’ refer to small and large cavities, respectively. 
Subscripts ‘N2’ and ‘CO2’ refer to nitrogen and carbon dioxide, respectively. 
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Figure 5-1 Comparison of experimental methane – carbon dioxide hydrate 
dissociation points with model data. Numbers indicate CO2 mole percentage in 
the mixture. Average relative deviations between the experimental data and the 
model results are 0.21%, 0.18% and 0.13% for the 10% CO2 + 90% CH4, 16% 
CO2 + 84% CH4 and 20% CO2 + 80% CH4 gas mixtures, respectively 
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Figure 5-2 Comparison of experimental N2 + CH4 hydrates with model 
predictions. Numbers indicate N2 mole percentage in the mixture. Average 
relative deviations between the experimental data and the model results are 
0.087%, 0.054%, 0.15% and 0.12% for the 10% N2 + 90% CH4, 20% N2 + 80% 
CH4, 31% N2 + 69% CH4 and 36% N2 + 64% CH4 gas mixtures, respectively 
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Figure 5-3 Comparison of experimental N2 + CO2 hydrates with model 
predictions. Numbers indicate N2 mole percentage in the mixture. Average 
relative deviations between the experimental data and the model results are 
0.07% and 0.58% for the 36% CO2 + 64% N2 and 26% CO2 + 74% N2, 
respectively  
 
5.4.2 Empirical model prediction 
The performance and accuracy of the new correlation, Equation 5-11, were checked 
by applying the statistical error analysis to 85 data points that were not used in the 
correlation development. Statistical parameters of the new correlation, including 
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calculated. These statistical parameters are defined in Equations 5-12 to 5-18 as 
follows:  
𝐴𝐷 =
1
𝑛
 ∑(𝑇𝐸𝑋𝑃(𝑖)
𝑛
𝑖=1
− 𝑇𝐶𝑎𝑙(𝑖)) 5-12 
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where, n is the number of points in the dataset, 𝑇𝑐𝑎𝑙. is the calculated hydrate 
equilibrium temperature, 𝑇𝑒𝑥𝑝. is the experimental hydrate equilibrium temperature 
and 𝑥 is defined as |  
(𝑇𝑐𝑎𝑙.(𝑖)−𝑇𝑒𝑥𝑝.(𝑖))
𝑇𝑒𝑥𝑝.(𝑖)
×  100| .  
The correlation results were also compared with the experimental data and with the 
predictions calculated by Hammerschmidt (1936), Motiee (1991), and Salufu (2013). 
Table 5-7 shows statistical parameters of the proposed correlation compared with the 
other correlations. According to Table 5-7, the new correlation had the highest value 
of squared correlation coefficient (R2 = 0.9978) and lowest absolute percentage error 
(0.2183) compared to the other correlations. In addition, the new correlation showed a 
standard deviation and root mean square errors less than 1, which indicates the ability 
of the new correlation to predict the hydrate equilibrium temperature correctly for the 
assumed range of conditions. In addition, Table 5-7 shows that the Hammerschmidt 
correlation had lower performance (highest statistical parameters) than that of the other 
correlations.  
The accuracy of the proposed correlation was also checked by comparing the 
calculated temperatures with the experimental data shown in Figure 5-4, and our 
calculated temperatures were in good agreement with the experimental data for gas 
mixtures with a specific gravity in the range of 0.553 to 1. The cross plots shown in 
Figure 5-5, compare the measured hydrate equilibrium temperatures with those 
calculated by our correlation (a), Hammerschmidt (b), Motiee (c) and Salufu (d). As 
demonstrated, an excellent agreement was shown between the measured and 
calculated results for our correlation compared with other correlations.  
 
 
 
 
 
 
 
 
 114 
 
 Table 5-7 Statistical analysis parameters for the new correlation compared with 
other correlations 
Analysis 
parameter 
This work 
Hammerschmidt 
(1936) 
Motiee 
(1991) 
Salufu 
(2013) 
𝐴𝐷 0.0127 -13.1245 -4.7073 -5.3278 
𝐴𝐴𝐷 0.6203 13.1245 8.6390 5.4487 
𝑆𝐷 0.1381 4.0165 1.1501 1.0296 
𝐴𝐴𝑃𝐸 0.2183 4.3963 3.0223 1.9469 
𝑅𝑀𝑆 0.7239 18.5168 9.2604 6.1317 
𝑅2 0.9978 0.8792 0.8887 0.9783 
  
AD: Average deviation 
AAD: Average absolute deviation 
SD: Standard deviation 
AAPE: Average absolute percentage error 
RMS: Root mean square error 
R2: Squared correlation coefficient 
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Figure 5-4 Comparison of the new correlation results with the experimental data 
for gas mixtures with specific gravities (Sg) of 0.553, 0.746, 0.7701, 0.7845, 0.95 
and 1 
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Figure 5-5 Cross plots of the experimental and predicted equilibrium 
temperatures calculated by the new correlation (a), Hammerschmidt (b), Motiee 
(c) and Salufu (d) correlations 
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 Conclusions 
The gas hydrate equilibrium conditions are of significance in the energy sector and 
have extensive applications in industry because of their role either as a potential energy 
source or as a threat to flow assurance. Thus, in the present study, we first proposed a 
thermodynamic model for gas hydrate equilibrium conditions and cage occupancies 
for CO2 + CH4, N2 + CH4 and CO2 + N2, at different compositions. The occupancy 
calculations for the CO2 + CH4 hydrate system have shown that CO2 stabilises the sI 
hydrate. Results also demonstrated that an increase in CO2 gas composition resulted in 
higher CO2 hydrate equilibrium conditions. This confirms and explains the observed 
promotion of hydrate equilibrium conditions with increasing CO2 gas composition. 
The validity of the proposed model was tested by comparison with the experimental 
data. A comparison between the experimental data and the model calculations for 
carbon dioxide + methane hydrates shows that the model can acceptably predict the 
hydrate equilibria at pressures lower than 10 MPa. For N2 + CH4 and 64 mol% N2 + 
36 mol% CO2 hydrate systems, an acceptable agreement was found between the 
experimental and model results. However, a considerable deviation was noticed 
between the experimental data and model prediction for 74 mol% N2 + 26 mol% CO2 
hydrate. Therefore, we investigated a potential structural transformation that occurs 
for this mixed hydrate.  
Second, a new correlation was developed for accurate prediction of hydrate 
equilibrium temperatures for different gas mixtures containing methane, nitrogen and 
carbon dioxide. The new correlation was applicable for the temperature range of 273–
320 K, pressure range of 1.7–330 MPa, and for gas mixtures containing methane, 
carbon dioxide and nitrogen with specific gravity range of 0.553 to 1. The statistical 
parameters showed that the new correlation has an excellent performance compared 
with Hammerschmidt, Motiee and Salufu correlations. In addition, the correlation 
results showed good agreement with the experimental measurements within the 
investigated range. Consequently, the new correlation represents a simple, accurate, 
low-cost and direct method for predicting gas hydrate equilibrium conditions in a 
system that meets the above operating conditions.  
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*Reference: Sadeq et al (2018) in International Journal of Greenhouse Gas Control, 79, 73-82. 
 
 Experimental Pore-scale Analysis of Carbon Dioxide 
Hydrate in Sandstone via X-Ray Micro-Computed Tomography* 
 
 Summary 
Carbon dioxide geo-sequestration (CGS) into sediments in the form of (gas) hydrates 
is one of the proposed methods for reducing anthropogenic carbon dioxide emissions 
to the atmosphere and, thus reducing global warming and climate change. However, 
there is a serious lack of understanding as to how such CO2 hydrate forms and exists 
in sediments. We thus imaged CO2 hydrate distribution in sandstone, and investigated 
the hydrate morphology and cluster characteristics via X-ray micro-computed 
tomography (CT) in 3D in-situ. A substantial amount of gas hydrate (~17% 
saturation) was observed, and the stochastically distributed hydrate clusters followed 
the power-law relations with respect to their size distributions and surface area-volume 
relationships. The layer-like hydrate configuration is expected to reduce CO2 mobility 
in the reservoir, and the smaller than expected hydrate surface-area/volume ratio would 
reduce methane production and CO2 storage capacities. These findings will aid large-
scale implementation of industrial CGS projects via the hydrate route. 
 
 Introduction 
Carbon dioxide emissions into the atmosphere have increased significantly over the 
past decades (IPCC 2005, Pachauri et al. 2014). This is coupled with  massive growth 
in fossil fuel consumption, where CO2 is also emitted (IEA 2016). Such high CO2 
concentrations, however, lead to rising global temperatures (global warming), and thus 
climate change (Houghton et al. 2001). Indeed, CO2 contributes approximately 60 
percent to this global warming (Yang et al. 2008). Decreasing the level of CO2 
emissions is thus crucial for mitigating climate change. One solution suggested for 
achieving this is to capture and sequester CO2 in permafrost areas (e.g. Alaska North 
Slope; Schoderbek and Boswell 2011), onshore Arctic regions (e.g. Alberta portion, 
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Canada; Cote and Wright 2010; Zatsepina et al. 2014) and deep ocean environments 
(White et al. 2003, Yamasaki 2003, Orr 2009). The thermo-physical conditions 
prevailing in such marine environments are clearly within the CO2 hydrates stability 
zone (Clennell et al. 1999, Tohidi et al. 2010, Park et al. 2014). In addition, as hydrate 
formation within the porous medium blocks the pores and causes a reduction in 
sediment permeability, and could provide an additional seal by self-sealing (Kvamme 
et al. 2007, Tohidi et al. 2010). However, sequestration of CO2 in such environments 
will lead to the dissociation of the in-situ natural gas hydrates, thus releasing the 
methane inside them. Problematically, methane released into the atmosphere causes 
further global warming (hydrate gun hypothesis; Kennett et al. 2003). 
At the same time, the demand for energy sources (e.g. for natural gas) is increasing 
(Dudley 2013, Al-Fatlawi et al. 2017), which led to the proposal that natural gas 
hydrates (the main gas here is methane) can be a potential energy source (Makogon 
2010). Thus, the sequestration of CO2 in the form of hydrates may be combined with 
methane production via CO2-CH4 replacement in methane hydrate-bearing sediments 
(Graue et al. 2008, Ohgaki et al. 1994) 
Furthermore, hydrate morphology, distribution and saturation in sediments 
significantly affect seismic velocities (compressional and shear velocities) and petro-
physical properties (such as permeability, electrical conductivity, and shear strength; 
Waite et al. 2009). Thus, gas hydrate exploration and monitoring depend on the 
distribution and morphology of the hydrates in the pore space (Dai, Banik, et al. 2008, 
Dai, Snyder, et al. 2008) and multiple pore-scale models (free floating, cementing  
sediments and contacting but not cementing sediments; (Helgerud et al. 1999, Jones et 
al. 2007)) have been hypothesized to correlate the hydrate distribution with seismic 
velocities.  
Consequently, pore-scale characterisation of hydrates in their host sediments is 
essential for exploration, monitoring and implementation of hydrate-CGS and hydrate 
exploitation as an energy source. However, experimental data for CO2-hydrate 
formation and existence in sediments is limited despite their vital importance (Tohidi 
et al. 2010, Ta et al. 2015) and most of the previous studies, imaged hydrate formation 
in unconsolidated sediments. Thus, we thus imaged CO2 hydrate formation and 
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dissociation via X-ray (CT) at high resolution in 3D in-situ and analysed the 
corresponding hydrate microstructures.  
  Experimental Methodology 
6.3.1  Materials and Experimental Set-up 
A small cylindrical Bentheimer sandstone plug (5 mm in diameter and 15 mm in 
length) was drilled and used in these experiments. Bentheimer is a clean, homogeneous 
sandstone consisting mainly of quartz (99 wt%) with high permeability and porosity 
(Rahman et al. 2016). Porosity and permeability of 22.1% and 2370 mD, respectively, 
were measured precisely with a nitrogen permeameter-porosimeter (AP-608 with 
accuracy ±0.1%) on a sister plug drilled from the same block. Carbon dioxide (purity 
99.9 mol%, supplied by BOC Australia) was used as a hydrate-forming gas. Sodium 
iodine brine solution was prepared by mixing 6% by weight of NaI into deionised 
water; this brine was used as the aqueous phase (note that iodide is needed to ensure 
sufficient X-ray contrast (Lusic and Grinstaff 2012)), see below. A high-pressure X-
ray transparent vessel (Iglauer et al. 2011, Rahman et al. 2016, Lebedev et al. 2017, 
Iglauer and Lebedev 2017) was used as a core holder for hydrate formation and X-ray 
CT imaging. The small Bentheimer plug was mounted inside the core holder, and the 
core holder was connected to the hydrate formation setup as shown in Figure 6-1. In 
addition to the high-pressure (core-holder) flow cell, the setup consisted of three high 
precision syringe pumps (ISCO 500D with an accuracy of 0.1%); the first two pumps 
were used for CO2 and brine injection, respectively, and the third pump provided 
confining pressure by compressing the deionised water. A thermocouple was installed 
in the flow cell to monitor the temperature during the hydrate formation process with 
a precision of ± 0.5 K. The cooling temperatures required for hydrate formation were 
achieved by circulating an antifreeze liquid containing ethylene glycol via a thermo-
refrigerated bath (Alpha RA8, Lauda, Germany). A high-resolution CT scanner 
(Xradia VersaXRM) was then used to image the core plug in 3D at a high resolution 
of (3.43 μm)3. μCT is an efficient and nondestructive method that is commonly used 
to investigate the pore-scale structure of rock samples (Blunt et al. 2013, Cnudde and 
Boone 2013, Wildenschild and Sheppard 2013, Iglauer and Lebedev 2017). 
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Figure 6-1 Experimental apparatus used for forming CO2 hydrate in a 
Bentheimer sandstone plug (at 3 MPa and 274 K) 
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6.3.2 Experimental Procedure 
Initially, the flow cell and flow lines were vacuumed for 24 h to remove any air from 
the system, and the confining pressure and pore pressure were increased to 8 MPa and 
3 MPa, respectively. The sample was then completely saturated with doped brine (6 
wt% NaI in deionised water) by injecting more than 1000 pore volumes (PV) of brine. 
Subsequently, 50 PV of CO2 gas was injected into the core at the same pressure 
conditions at a flow rate of 0.1 mL/min (capillary number = 5 × 10-6) to obtain a 
partially (brine) saturated porous medium. These steps were performed at an ambient 
laboratory temperature (294 K). Hydrate formation was then started by decreasing the 
temperature to 274 K (1 °C; which is below the CO2 hydrate equilibrium temperature; 
note that the CO2-hydrate formation temperature in sediments is ~ 8 °C at 3 MPa) 
(Yang et al. 2012). Cooling was achieved by circulating the coolant continuously 
through a copper coil wrapped around the core holder. Because the CO2 injection pump 
was set to maintain a constant pressure of 3 MPa, gas consumption in the injection 
pump over time indicated hydrate formation (Sloan and Koh 2008). Hydrate conditions 
(3 MPa pore pressure and 274 K) were maintained for 48 h to let the hydrate nucleate 
and grow inside the sample. Thus, the entire hydrate formation process was considered 
complete when no further gas was injected into the system (from the injection pump 
reservoir). The core holder was then placed inside the μCT scanner and an image of 
the hydrate-bearing core was acquired at a high resolution of (3.43 μm)3.  
The core holder with the core sample was then left in the scanner for 24 h at room 
temperature (294 K), and the plug was again  imaged μCT by imaged at the same high 
resolution of (3.43 μm)3, i.e. after hydrate dissociation. All CT images were filtered 
with a 3D non-local mean algorithm (Buades et al. 2005, Buades et al. 2008) and 
segmented with a watershed algorithm (Schlüter et al. 2014) for subsequent analysis. 
 
  Results and Discussion 
6.4.1 Visualisation and Morphology of CO2 Hydrate 
The CO2 hydrate formed inside the Bentheimer plug is visualised in Figure 6-2,  
 123 
 
Figure 6-2 Raw (top) and segmented (bottom) 2D slices through the CO2 hydrate-
bearing core (3 MPa, 274K) . In the raw images, CO2 is black while hydrate is 
dark grey, brine is slightly lighter grey, and sandstone is light grey. In the 
segmented images, grain particles are dark grey, hydrates are white, brine is blue, 
and CO2 gas is yellow  
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Figure 6-3 Raw (a,d), filtered (b,e) and segmented (c,f) 2D slices through the 
hydrate-bearing core (a-c) and the core after hydrate dissociation (d-f). In the 
segmented images, grain particles are dark grey, hydrates clusters are white, 
brine is blue, and CO2 gas is yellow 
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Figure 6-4 Three-dimensional segmented images showing each phase. The left-
hand side shows the phases for the hydrate-bearing sample (3 MPa, 274K), while 
the right side shows the phases after hydrate dissociation  (3 MPa, 294K). Blue is 
brine; yellow is CO2 gas and grey is CO2-hydrate 
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The CT images thus provide information about the distribution of various sample 
components. Precisely, four components (grains, brine, CO2 gas, and hydrate), each 
with a different gray scale value, can be determined from the images. The different 
grey scales correlate with the X-ray mass attenuation coefficient μx, which is 
proportional to a product of the bulk density b, the effective atomic number Z (i.e. the 
chemical composition) and the beam energy E (which is kept constant here at 90 keV); 
µ𝑥  𝑏(a + b × 𝑍
3.8 𝐸3.2⁄  ), where a is the Klein-Nishina coefficient and, b is a 
constant (Vinegar and Wellington 1987, Van Geet et al. 2000, Jin et al. 2004, Sato et 
al. 2005). Different materials thus produce a contrast in X-ray attenuation and a 
distinctly different grey scale in the image. Black/dark grey regions indicate low X-
ray attenuation while the light regions identify high attenuation. The bulk densities of 
the four components are as follows: grain density (quartz)= 2.65 g/cm3 (Johnson and 
Olhoeft 1984), NaI brine (6 wt %) density= 1.04 g/cm3, CO2 gas density at 3 MPa and 
1°C = 0.0766 g/cm3 (Scalabrin et al. 2006) and CO2 hydrate density = 1.1 g/cm
3 (Aya 
et al. 1997). Thus, the grains have a higher attenuation value and a lighter color in the 
CT image, whereas the CO2 gas with a lower attenuation  is black. Hydrate and brine 
have greyscales in between, i.e. hydrate is dark grey and brine is slightly lighter 
because of the Kα-edge absorption of the iodine dissolved in the brine (doping agent), 
which is consistent with observations made for methane-hydrate (Sato et al. 2005, Jin 
et al. 2006). 
We can thus distinctly differentiate CO2 hydrates, CO2 gas and brine in the pores, and 
thus determine their distribution and morphology. At the image (mm)scale, a random 
spatial hydrate distribution within the pore space was observed, which is consistent 
with natural hydrate occurrence in sands and glass beads (Dai et al. 2012, Kerkar et al. 
2014). However, at pore (μm) scale, CO2 hydrate resided mainly in the pore body of 
the sandstone, and it did not contact the grain surface. This is consistent with the free-
floating model (Zhao et al. 2014, Zhao, Yang, et al. 2015). Instead, a layer of free brine 
was observed between the grain surface and hydrate as shown in Figure 6-2. This 
observation is consistent with the behaviour of carbon dioxide hydrate in etched glass 
micromodels (Tohidi et al. 2001), xenon hydrates in quartz sand and glass beads 
(Chaouachi et al. 2015), and  molecular dynamics computations  for methane hydrates 
in the presence of silica (Bagherzadeh et al. 2012). The presence of a brine film coating 
the grain surface indicates that the brine is the wetting phase (Iglauer 2017), although 
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hydrate migration to the grain surface may be kinetically inhibited. In addition, CO2 
hydrate formation occurred at the brine-CO2 interface, indicating preferential hydrate 
nucleation and growth at the water-gas interface, as observed for CO2- and methane-
hydrate formation within a 2D porous silicon micromodel (Hauge et al. 2016, 
Almenningen et al. 2017) and methane hydrate in sands (Waite et al. 2004, Jin et al. 
2012). Furthermore, the free CO2 gas existed mainly in the pore centre which indicates 
that CO2 is the non-wetting phase (Iglauer et al. 2015). Thus, the CO2 hydrate did not 
completely plug the pores due to the existence of a wetting brine film. 
However, hydrates substantially reduce permeability, i.e. hydrate formation obstructs 
the flow (Kneafsey et al. 2011, Almenningen et al. 2017). Consequentially, such pore-
centred gas hydrate layers assist in vertical sealing and restrict the upwards CO2 flux 
(Kvamme et al. 2007). However, such hydrate layers are also expected to reduce lateral 
CO2 spreading in the reservoir, and thus reduce storage capacity. Moreover, CH4 
recovery rates (by CH4-CO2 hydrate exchange) are expected to be reduced, although 
the brine layers may act as paths for CH4 flow (Kvamme et al. 2007). However, 
literature results showed that CH4 recovery could be enhanced using different 
strategies such as injection of CO2 + N2 gas mixtures (Hauge et al. 2014), injection of 
chemical inhibitors (Hossainpour 2013, Khlebnikov et al. 2016) or CO2 injection at 
high initial pressures(Zhao et al. 2012). These strategies would prevent hydrate 
formation near the production well, and thus increase storage capacity. 
 
6.4.2  Hydrate Saturation in the Core Sample 
Three-dimensional visualisations of each component within the CO2 hydrate-bearing 
sample (a-c) and after hydrate dissociation (d and e) are shown in Figure 6-4. We first 
measured the porosity of the images by counting the number of pore voxels and 
divided them by the total number of voxels (i.e. the bulk volume). This CT porosity 
was 21.1%, which is consistent with the 22.1% gas porosity measured pycnometrically 
(see above). The slightly higher experimental gas porosity was caused by limited 
spatial CT resolution (clay pore space cannot be resolved at 3 μm resolution (Desrues 
et al. 2006)). Furthermore, the saturation of each component (volume fraction of each 
component in the pore space) was measured on the μCT images (Table 6-1). A 
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significant CO2 hydrate saturation (17.8%) was observed, which was localised at the 
brine-gas interface and exhibited layer-like morphology (see Figure 6-2) 
 
Table 6-1 Brine, CO2, and hydrate saturations and statistical parameters in the 
hydrate-bearing sandstone before and after hydrate dissociation 
Component 
Saturation (%) τ p 
Hydrate
-bearing 
plug 
After 
dissociation 
Hydrate
-bearing 
plug 
After 
dissociation 
Hydrate-
bearing 
Plug 
After  
dissociation 
CO2 59.0 64.2 1.375 1.15 0.764 0.74 
Hydrate 17.8 - 1.58 - 0.791 - 
Brine 23.2 35.8 - - - - 
 
 
6.4.3 Gas Hydrate Statistics - Cluster Size Distributions and Surface Area-
Volume Relationships 
CO2 hydrate and free gas distributions in the pore space were statistically analysed 
before and after hydrate dissociation, (Figure 6-5). Power law relations were observed 
for the CO2-gas and CO2-hydrate cluster size distributions (Table 6-1); i.e. N ∝ V-τ, 
where N is the number of clusters of size V counted and τ is the fitting exponent. A 
large number of small hydrate clusters was observed, which rapidly dropped with 
increasing size, and only a few large hydrate clusters were measured. These large 
clusters (Figure 6-6), ~ 1.5% of the total hydrate clusters), however, contributed most 
to the hydrate saturation and they spanned several pores. Fewer small CO2 gas clusters 
were counted, and the largest gas clusters were larger than the largest hydrate clusters 
(the largest hydrate cluster had a volume of 205028 μm3, wheareas the largest CO2 
cluster size had a volume of 407724 μm3, approximately two times larger). This is 
reflected in the smaller  values associated with the CO2 gas cluster size distributions. 
 was 1.375 in the hydrate-bearing sample, and  decreased to 1.15 after hydrate 
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dissociation. Physically, CO2 was released from the hydrates and coalesced with the 
CO2 bubbles, thus increasing their sizes. 
Moreover, the surface area (A) of the hydrate and CO2 clusters were measured and 
plotted as a function of their volume (V,  
Figure 6-7). A power-law relation was again observed (A ∝ V-p, Table 6-1). An 
exponent p ~ 0.75 indicates structures less compact than a sphere (p = 2/3), but more 
compact than a completely percolation-like ramified structure (where p  1, Stauffer 
1979). This implies a smaller surface area/volume ratio for each hydrate cluster than 
expected by the percolation theory. Such a smaller ratio has significant implications in 
terms of gas recovery via CO2-CH4 exchange and safe storage in hydrate-bearing 
sediments; because hydrate dissociation/formation rates are directly proportional to 
the cluster surface area (Kwon et al. 2008, Cheng et al. 2013). Smaller surface 
area/volume ratios lead to lower dissociation rates during the CO2-CH4 exchange 
process, and thus less production and overall lower CO2 storage capacity. 
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Figure 6-5 CO2 hydrate and CO2 gas clusters size distributions in Bentheimer 
sandstone before and after hydrate dissociation 
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Figure 6-6 Hydrate clusters, (a) the largest hydrate clusters (size 204080–206590 
µm3), (b) medium hydrate clusters (size 5227–7456 µm3) and (c) small hydrate 
clusters (size 40.5–121 µm3) 
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Figure 6-7 Surface area-volume relationships for (a) CO2 hydrate, (b) CO2 gas 
clusters before hydrate dissociation and (c) CO2 gas clusters after hydrate 
dissociation in the Bentheimer sample 
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 Conclusions 
Detailed understanding of morphology, distribution and occurrence of gas hydrate in 
host sediments is crucial for CGS (CO2 is stored as CO2-hydrate), natural gas recovery 
from hydrate-bearing sediments by CO2 injection and interpretation of seismic data 
(Waite et al. 2004, Graue et al. 2008, Rochelle et al. 2009). However, knowledge is 
limited for pore-scale (μm-scale) behaviour of CO2 hydrate in sediments. Therefore, 
we imaged the distribution of CO2 hydrates in sandstone via X-ray μCT and studied 
the hydrate morphology and cluster size characteristics in 3D at high resolution. 
Clearly, CO2 hydrate mainly formed in the pores at the gas-water interface, without 
contacting the grain surface, which is consistent with the free-floating model (Zhao et 
al. 2014, Zhao, Yang, et al. 2015).  
Statistically, the hydrate and CO2 cluster size distributions followed power-law 
relations (N ∝ V-τ, where N is the number of clusters of size V counted and τ is the 
fitting exponent). A τ value of 1.375 for the hydrate cluster size distribution indicates 
that only a few large hydrate clusters were present;  decreased to 1.15 after hydrate 
dissociation due to CO2 being liberated from the hydrates, which then coalesced with 
the existing CO2 bubbles, thus increasing their sizes. A power law relationship (A ∝ 
V-p) was also observed for the surface area (A)-cluster volume (V) relationship. A p ~ 
0.75 indicated structures less compact than a sphere, but more compact than 
percolation-like ramified structures (Stauffer 1979). This has important implications 
for safe storage in hydrate-bearing sediments and gas recovery via CO2-CH4 exchange; 
such a lower surface area-volume ratio results in less CH4 production and overall lower 
CO2 storage capacity. These results thus add to the fundamental  understanding, 
planning and execution of industrial CGS projects via the hydrate-disposal route. 
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 Ultrasonic Measurements of Hydrate-bearing 
Sandstone* 
 
  Summary 
A potential alternative energy resource to meet energy demands is the vast amount of 
gas stored in hydrate reserves. However, major challenges regarding exploration and 
production surround profitable and effective exploitation of these reserves. The 
measurement of acoustic velocity is a useful method for exploration of gas hydrate 
reserves and can be an efficient method to characterise the hydrate-bearing sediments. 
In this chapter, the compressional wave velocity (P-wave velocity) of consolidated 
sediments (Bentheimer) with and without THF and carbon dioxide hydrate-bearing 
pore fillings were measured using the pulse transmission method. The study found that 
the P-wave velocities of consolidated sediments increased with increasing hydrate 
formation and confining pressure. Of the samples tested, the increase in wave velocity 
of the dry and THF hydrate-bearing samples was 27.6 % and 31.9 %, respectively, 
while the P-wave velocities increased by 7%–8% after carbon dioxide hydrate 
formation in sandstone sample. Interestingly, at the initial stage of hydrate formation, 
there was no change in P-wave velocity, which was followed by a steady increase as 
the hydrate crystals began to agglomerate and then increased rapidly to a constant 
value confirming the test solution had converted to a hydrate solid. 
 
 Introduction  
The search for cleaner and more abundant alternative energy resources continues as 
the world faces scarcity in traditional conventional resources (Ball and Wietschel 
2009, Al-Fatlawi et al. 2017). An unconventional resource that has in recent years 
gained heightened attention is natural gas production from hydrate reserves (Makogon 
et al. 2007, Boswell and Collett 2011). Gas hydrates have gained such popularity 
because of the huge amount of trapped gas and the role they could play in global 
climate change and the carbon cycle (Dickens 2004, Giavarini and Hester 2011), the 
geological hazards surrounding them and the risk of seafloor instability (Dillon et al. 
2001, Sultan et al. 2004, Best et al. 2006). The estimated amount of natural gas (mainly 
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methane) at standard conditions that is entrapped within hydrate deposits is 
approximately 5 × 1015 m3, which surpasses the conventional resources by at least one 
order of magnitude (Meyer 1981, Kvenvolden 1988, Rice 2006, Dawe and Thomas 
2007, Sloan and Koh 2008, Konno et al. 2010). Moreover, recently, carbon dioxide 
hydrate formation in sediments has received growing attention as it is regarded as a 
potential technology for carbon dioxide sequestration and storage in deep ocean 
sediments (Yamasaki 2003, White et al. 2003, Orr 2009); thus, reducing carbon 
dioxide emissions into the atmosphere. Simultaneously, CO2 hydrate formation within 
the sediment pore space could provide an additional seal to natural geological seals by 
self-sealing (House et al. 2006, Kvamme et al. 2007, Tohidi et al. 2010) 
Natural gas hydrates are non-stoichiometric, ice-like compounds formed when gas 
(such as methane, carbon dioxide, nitrogen and ethane) or volatile liquid (such as THF) 
molecules are encaged by the strong hydrogen bonds of water molecules (Sloan and 
Koh 2008, Carroll 2014, Sadeq, Iglauer, Lebedev, and Barifcani 2018). 
Thermodynamically, hydrates usually form and remain stable under favourable 
conditions of low temperature and high pressure(Sloan and Koh 2008, Carroll 2014), 
and 1 m3 of natural gas hydrates can be stored in approximately 180 m3 of natural gas 
(Veluswamy et al. 2014). These conditions are found in the permafrost regions and 
offshore marine sediments, which represent the ideal environment for gas hydrate 
formation. Typically, gas hydrates occur within the pore space of coarse-grain rocks, 
or along fractures in fine-grain rocks (Collett 1999, Schindler and Batzle 2015). 
Knowledge of the physical properties of sediments bearing gas hydrates is vitally 
important to successfully characterise and commercialise the production of natural gas 
from these hydrate deposits. Common geophysical processes such as well logging and 
seismic surveying enable quantification of gas hydrate deposits, albeit this requires 
further development (Collett and Lee 2012). However, the resulting field 
measurements become meaningful after further studies are conducted in the 
laboratory, which then allow for interpretation and calibration. Seismic velocities (e.g. 
acoustic P-wave velocity) have been widely and effectively employed for detection 
and exploration of gas hydrates in their host sediments (Shipley et al. 1979, Prakash et 
al. 2010, Spence et al. 2010). Seismic velocities are influenced by the type and amount 
of pore filling; therefore, when hydrate forms in the sediments, the acoustic P-wave 
velocity increases significantly compared with the velocity of sediments containing 
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other pore fillings (Berge et al. 1999, Lee and Collett 2001, Winters et al. 2007). The 
compressional wave velocity (P-wave velocity) is considered to be a significant 
property, which can provide information about the lithology, distribution and in-situ 
conditions of hydrate-bearing sediments (Lee and Collett 2001, Carcione and Gei 
2004, Rydzy and Batzle 2010). Furthermore, methane hydrate is the most common gas 
hydrate that exists in nature, and thus obtaining gas hydrate samples of it from the field 
are rare, because it is technically difficult to obtain and preserve them for laboratory 
studies (Yun et al. 2006, Waite et al. 2009), thus laboratory synthesis of hydrate-
bearing samples is significant for acquiring essential knowledge about gas hydrates in 
their host sediments. However, it is difficult to synthesize methane hydrate in the 
laboratory, as it requires it to be cooled to -78.7 °C to be stabilized at atmospheric 
pressure (Sloan and Koh 2008) or it requires higher pressure conditions (Carroll 2014). 
In addition, it is difficult to form methane hydrates in aqueous solutions due to its low 
solubility in water (Lide and Frederikse 1995). Thus, in this study, we have used THF 
as the hydrate former in bentheimer samples due to easy laboratory synthesis. THF is 
completely soluble in water (Sloan and Koh 2008) and it is commonly used as a 
substitution to form hydrate from methane dissolved in water (Yun et al. 2005) 
Moreover, researchers have showed that THF and methane hydrates reveal analogous 
mechanical, electrical and thermal characteristics (Lee, Yun, et al. 2007). On the other 
hand, THF and methane form different hydrate structures (THF hydrate forms 
structure sII, while methane forms structure sI hydrate) (Sloan and Koh 2008). 
Additionally, there are small differences in the velocities for both structures compared 
with the variation in velocities resulting from the various pore-scale hydrate 
distributions (Sloan and Koh 2008) 
Previous laboratory studies of ultrasonic measurements of hydrate-bearing sediments 
have been conducted on unconsolidated sediments such as sands and glass beads (Yun 
et al. 2005, Rydzy and Batzle 2010, Li et al. 2012). To date, limited studies investigate 
the effect of hydrate formation on the compressional velocities of consolidated 
sediments (e.g. Benthiemer sandstone) 
In the present study, the effect of different pore space fillings on measured acoustic 
properties of Bentheimer sandstones were studied for a better understanding of the 
interaction between hydrates and their host sediments. The experiments were 
performed under low-temperature conditions (~ 1 °C) with a confining pressure range 
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of 2–20 MPa. THF and carbon dioxide were used as hydrate formers in the 
consolidated sediments. The P-wave velocities of different pore fillings such as dry, 
brine-saturated, THF brine-saturated, THF hydrate-bearing and CO2 hydrate-bearing 
samples were obtained. These measurements can be used to identify the hydrate 
occurrence compared to other pore fillings and sediments. Compressional wave 
velocity data serve as a good basis for gas hydrate estimation in consolidated sediments 
that have not been previously studied. Furthermore, the present provided insight into 
the use of acoustic velocity measurements to address the concerns of hydrate formation 
in gas production pipelines. 
 
 Methodology 
7.3.1 Experimental Setup                                                                 
The schematic of the experimental set-up used for hydrate formation and measurement 
of P-wave velocity as a function of confining pressure is presented in Figure 7-1. The 
set-up comprises mainly of the following components: high-pressure cell, cooling 
system, high-performance liquid chromatography (HPLC) pump for liquid injection, 
hand oil pump for applying confining pressure and P-wave recording and measuring 
system. The signals were processed, displayed and digitised on a digital oscilloscope 
(model DS4022, RIGOL). The high-pressure cell was filled with hydraulic oil and the 
core sample was placed inside a rubber sleeve to control the ambient confining 
pressure. The pressure cell was submerged in a cooling bath. To allow for temperature 
control, the cooling and heating cycles were initiated by circulating coolant liquid 
using a controlled temperature liquid circulator (± 0.1 K, model Alpha RA8, LAUDA). 
The confining pressure was applied to the sample at a range of 2–20 MPa by a manual 
oil pump. Two piezo-electric transducers (1 MHz, A114S, OLYMPUS) were attached 
to the cell walls for transmitting and receiving P-wave signals through the samples. 
During each experiment, the P-waveforms were generated using the pulser/receiver 
(model 5072PR, OLYMPUS). The experimental set-up was the same for both THF 
and CO2 hydrate experiments. However, in the CO2 hydrate experiments, three high 
precision syringe pumps were included ((ISCO 500D with an accuracy of 0.1%); the 
first two pumps were used for CO2 and brine injection and the third pump provided 
confining pressure by compressing deionised water (Figure 6-1, chapter 6). 
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Figure 7-1 Experimental set-up for hydrate formation in sediments and P-wave 
velocity measurements 
 
7.3.2 Materials  
The materials utilised in the study are given in Table 7-1. Cylindrical Bentheimer 
sandstone samples from Kocurek Industries were used as the experimental porous 
medium for hydrate formation. Bentheimer is a homogenous clean sandstone mainly 
consisting of quartz with high permeability and average porosity of approximately 
22%–25% (Rahman et al. 2016). The gas porosity and permeability of the Bentheimer 
samples were measured in the laboratory using a nitrogen automated permeameter-
porosimeter (error of ± 0.1%, model AP-608). The properties of the sample are listed 
in Table 7-2. The THF testing solution was prepared from pure THF solution (Sigma-
Aldrich, purity of 99.9 mol%) combined with NaCl (Sigma-Aldrich, purity of 99.5 
mol%) as well as deionised water produced in the laboratory (17 MΩ·cm at 23.7 °C). 
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Carbon dioxide (purity 99.9 mol%, supplied by BOC Australia) was used as a hydrate-
forming gas in the CO2 hydrate experiment. 
 
Table 7-1. Materials used in the study 
Material Purity Supplier 
Bentheimer sandstone 99 wt % quartz Kocurek Industries 
Tetrahydrofuran (THF) 99.9 mol% Sigma-Aldrich 
Carbon dioxide (CO2) 99.9 mol% BOC Australia 
Methanol 99.8 mol% Sigma-Aldrich 
Sodium chloride (NaCl) >99.5 mol% Sigma-Aldrich 
 
Table 7-2 Properties of the Bentheimer sandstone samples used in the study 
Sample B1 B2 B3 
Length (cm) 8.1 8.1 8.1 
Diameter (cm) 3.8 3.8 3.8 
Pore volume (cm3) 22.23 21.90 21.1 
Porosity (%) 24.13 23.60 22.1 
Permeability (md) 3371 3152 2370 
 
 
7.3.3 Experimental Procedure 
The Bentheimer samples were cleaned using methanol and then dried in an oven for 
24 h at 60 °C. The dry samples were then mounted inside a rubber sleeve and tightly 
assembled in the high-pressure core holder within the cell. A K-type thermocouple 
with a precision of (± 0.5 °C) was attached to the core holder to measure the 
temperature during the hydrate formation/dissociation process. The cell was then 
placed firmly inside the cooling bath, and the HPLC pump, confining oil pump and 
transducers were connected. The entire system was then vacuumed prior to saturating 
the sample with a brine solution, to ensure the sample had undergone complete 
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saturation. A confining pressure of 10 MPa was applied to the core sample while 
several pore volumes of brine were injected into the cell via a tube connected from the 
top of the cell. The HPLC pump was then activated to inject the hydrate formers. 
In the THF hydrate formation experiment, brine and THF testing solutions were 
injected at the desired concentrations at a constant flow rate of 2 mL/min. The 
ultrasonic measurements were conducted on dry and brine saturated samples as a 
function of confining pressure at room temperature. Several volumes of the 
stoichiometric THF testing solution were then injected into the brine saturated sample 
to displace the brine and to saturate the sample with THF testing solution. Following 
the injection of the solution, the inlet and outlet of the cell were closed so that no 
solution could move out of the sample. The hydrate formation process was initiated by 
circulation of the coolant liquid from the cooling system. The cell temperature was 
gradually decreased to 1 °C.  
In the CO2 hydrate formation experiment, after the Bentheimer core sample was 
completely saturated with brine, 50 PV of CO2 gas was injected into the core at a pore 
pressure of 3 MPa and a flow rate of 0.1 mL/min (capillary number = 5 × 10-6) to 
obtain a partially (brine) saturated porous medium. Hydrate formation was then started 
by decreasing the temperature to 274 K (1 °C, which is below the CO2 hydrate 
equilibrium temperature; note that the CO2-hydrate formation temperature in 
sediments is ~ 8 °C at 3 MPa Yang et al., 2012). More details on CO2 hydrate formation 
process and experimental set up were presented in chapter 6. 
During the THF and CO2 hydrate formation process, the transmitted P-waves from the 
piezo-electric transducers that were attached to the outer wall of the pressure cell were 
recorded, and the temperature was maintained at 1 °C. The P-waves travelled through 
the cell wall, the confining fluid, the rubber sleeve, the core sample and finally, to the 
receiver. An increase in the compressional wave velocities indicated that hydrate 
formation had occurred. The system was maintained at these conditions for a further 
24 h to allow for complete hydrate formation after which a cycles of confining 
pressures (2–20 MPa) were applied, and the P-waves were recorded. The cooling 
process was stopped when there was no change in the compressional wave velocities 
with time. Later, hydrate dissociation was achieved by gradually heating the cell to 
room temperature. 
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P-wave velocities were measured via the pulse transmission method (Birch 1960), i.e. 
by sending a P-wave signal through the cell and sample material and measuring signal 
travel time.  Signal waveforms (of the compressional waves) were measured before, 
during and after hydrate formation. The core was cooled from 294 K to 274 K by a 
circulating cooling bath, and signal waveforms were measured for each 1 K interval. 
Subsequently, the temperature was kept constant at 274 K until the compressional 
wave velocity stabilised. First arrival times were measured on the waveforms before 
and after hydrate formation, and the P-wave velocity was then calculated following 
the methodology described by Birch (1960). The P-wave velocities of the core samples 
were then calculated using Equation 7-1 from the measured arrival time and the sample 
diameter: 
 
𝑉𝑃 =
L
t−𝑡𝑑
          7-1 
  
Where, VP is the P-wave velocity of the core sample in m/s, L is the diameter of the 
core sample in m, t is the total measured travel time in s, and td is the dead travel time 
of the pulse through the cell wall and the rubber sleeve in s. 
Furthermore, since changes in temperature will influence the elastic properties of the 
rubber sleeve, a relationship for td had to be developed to cater for this dependency on 
temperature. Thus, td was calibrated as a function of temperature (T) and confining 
pressure (Pcon) using an aluminum sample of known P-wave velocity. Figure 7-2 
shows td through the cell wall and the rubber sleeve as a function of temperature and 
confining pressure. The relationship for td can then be developed through regression 
analysis as shown in Equation 7-2 where the R-squared value is 0.9779. 
  
𝑡𝑑 = (−0.0003𝑇 − 0.0128)𝑃𝑐𝑜𝑛 + 0.0661 + 20.35 7-2 
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Figure 7-2 Dead time (td) as a function of temperature and confining pressure 
 
 Results and Discussions 
7.4.1 THF Hydrate Formation in Sandstone 
THF was chosen for hydrate formation in the present study due to its simple process 
and application in experiments. It also helps to overcome the difficulties surrounding 
the use of methane hydrates in the laboratory such as the high pressures and longer 
formation times required for hydrate stability. THF is thus used as the hydrate guest 
former as a substitution for methane gas as it can form a hydrate out of solution at 
ambient pressure and at a temperature of ~3.9 °C (Gough and Davidson 1971, Pearson 
et al. 1986, Lee, Yun, et al. 2007, Yun et al. 2007, Strobel et al. 2009, Xue et al. 2012). 
In addition, THF is ideally miscible with water and the amount of water in the solution 
allows for control of the hydrate concentration (hydrate saturation) in the pore space 
(Yun et al. 2005). Thus, a mixture containing THF at a concentration of 15 wt % and 
balance being pure water will yield a hydrate saturation of 100% (Yun et al. 2005). In 
the present study, the test solution contained 15 wt% THF and 85 wt% brine (81.5 wt% 
water and 3.5 wt% NaCl) to yield a hydrate saturation of approximately 80 wt%. 
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The P-waveforms produced from a Bentheimer sample containing different pore 
fillings is shown in Figure 7-3 where the arrows refer to the arrival times for the 
measured P-waves.  The travel path of the P-wave was measured with an accuracy of 
0.1%. The uncertainty in measurements of wave arrival was thus 0.3%. The resulting 
waveforms clearly show a change as the pore fillings vary in content from dry, brine-
saturated, THF brine-saturated, and finally to THF hydrate-bearing. Evidently, the 
speed and amplitude of the measured P-wave for the hydrate-bearing sample is the 
highest amongst the other samples and pore fillings.  
 
 
Figure 7-3 Typical P-waveforms recorded for different pore fillings of 
Bentheimer samples 
The measured compressional wave velocities in the dry samples are presented in 
Figure 7-4 as a function of confining pressure in comparison to the literature data (Tao 
et al. 1995, Mayr and Burkhardt 2006). As the confining pressure increased, the 
compressional wave velocities increased due to the compression, which represent 
normal behaviour in rock samples. The experimental data from the present study have 
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the same trend as the literature data. A variation of 6.6% was observed between the 
measured data and that in the literature. This variation is due to the different sandstone 
used in the literature (i.e. Berea sandstone) and the differences in sample properties 
such as the distribution of grain size and pore space network characteristics.  
 
 
 
Figure 7-4 Compressional wave velocity in dry Bentheimer sample as a function 
of confining pressure compared to the literature (Tao et al. 1995, Mayr and 
Burkhardt 2006). The lines are fitted logarithmic trend-lines 
 
The corresponding P-wave velocities for the different pore fillings for B1 and B2 
Bentheimer sandstone samples were calculated and are shown in Table 7-3, Figure 7-5 
and Figure 7-6. These results represent the compressional wave velocities across 
different pore fillings (dry, brine-saturated, THF brine-saturated and THF hydrate-
bearing) as a function of pressure. For all pore filling types, the compressional wave 
velocities increased as the confining pressure increased. The compressional wave 
velocity in the dry sample was lower than that in the brine saturated and THF brine-
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saturated samples for the studied pressure range. The same behaviour was reported by 
Mayr and Burkhardt (2006) for the dry and partially water saturated Bentheimer 
sandstone samples. The compressional wave velocity was significantly higher for the 
hydrate-bearing sediment than that of the other samples. An average increase of 964.9 
m/s and 1028 m/s was observed in the dry and hydrate-bearing sediment samples of 
B1 and B2, respectively, which corresponds to a percentage increase in compressional 
wave velocity of 27.6% for sample B1 and 31.9% for sample B2. This general increase 
in compressional wave velocity can be explained by the fact that the formation of 
hydrate solids in pore spaces leads to a decrease in the  P-wave travel time (Figure 
7-3), which translates to an increase in compressional wave velocity. The higher 
increase in compressional wave velocity observed in sample B2 may be attributed to 
its lower porosity and pore volume, which means a greater number of cracks were 
closed compared to sample B1 due to the applied confining pressure (Mayr and 
Burkhardt 2006). Thus, under the hydrate formation conditions, the compressional 
wave velocity increased in Bentheimer sandstone samples (B1 and B2) due to the 
plugging caused by hydrate solids as well as the closing of cracks due to the applied 
pressure. 
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Figure 7-5 Compressional wave velocity as a function of confining pressure for 
different pore fillings in sample B1 
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Figure 7-6 Compressional wave velocity as a function of confining pressure for 
different pore fillings in sample B2 
 
 
 
 
 
 
 
 
 
 
2800
3000
3200
3400
3600
3800
4000
4200
4400
4600
0 2 4 6 8 10 12 14 16 18 20
C
o
m
p
re
ss
io
n
a
l 
V
el
o
ci
ty
 (
m
/s
)
Confining Pressure (MPa)
B2 - Dry B2 - Brine-saturated
B2 - THF Brine-saturated B2 - THF Hydrate-bearing
 148 
Table 7-3 Experimentally measured compressional velocities for different pore 
fillings in Bentheimer samples as a function of confining pressure 
Sample Pcon (MPa) 
VP (m/s) 
Dry 
Brine-
saturated 
THF Brine-
saturated 
THF Hydrate-
bearing 
B1 
2 3254 3389 3401 4376 
4 3393 3442 3467 4441 
6 3455 3512 3525 4470 
10 3526 3621 3635 4505 
12 3602 3651 3673 4525 
14 3634 3693 3715 4539 
15 3647 3700 3722 - 
16 - 3704 3730 4553 
17 3679 - - - 
B2 
2 3026.97 3317.67 3358.96 4156 
4 3135.83 3358.96 3402.57 4215 
6 3204.58 3382.88 3427.12 4241 
8 3242.87 3400.81 3427.12 4253 
10 3267.97 3425.33 3449.21 4283 
12 3290.61 3437.731 3463.04 4301 
14 3306.36 3450.21 3474.76 4314 
16 3319.35 3469.11 3501.33 4321 
18 - 3475.46 3509.420 4323 
20 3360.45 3481.83 3514.288 4325 
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The evolution of compressional wave velocity during the cooling process (THF 
hydrate formation) at 14 MPa is shown in Figure 7-7. It can be seen that the 
compressional wave velocity remained constant at ~3474 m/s for the first 20 h. 
However, the temperature began to decrease below the hydrate equilibrium 
temperature of the THF solution (~3.9 °C) at ~11 h indicating that hydrate formation 
had initiated, while there was no change seen in the compressional wave velocity for 
the next 9 h as the temperature steadily dropped to 1 °C. This behaviour was due to 
hydrate formation occurring initially as thin hydrate films forming at the pore surface, 
then progressing into a water-hydrate slurry followed by a slow solid crystallisation 
stage (Beltrán and Servio 2008a, Alef et al. 2018). The velocity then increased steadily 
from t = 20-24 h to ~3510 m/s while the temperature was kept constant at 1 °C. This 
apparent increase in compressional wave velocity was due to initial hydrate crystals 
starting to agglomerate in the pore spaces. During the next 10 h, the velocity increased 
rapidly to ~3830 m/s. This rapid increase may be due to the rapid hydrate 
crystallisation occurring in the pore spaces. Lastly, there was no noticeable change 
occurring in the compressional wave velocity and the recorded velocity approaches to 
the approximately constant value of ~3,860 m/s. Therefore, the hydrate formation 
process had finished and the THF testing solution has been converted into a hydrate 
solid. 
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Figure 7-7 Evolution of compressional wave velocity during THF hydrate 
formation at confining pressure of 14 MPa in sample B2 
 
In contrast, gas hydrate formation in production pipelines from gas reservoirs is a 
major concern. Hydrate formation in pipelines can result in safety concerns for 
operation personnel, environmental issues in the case of a leak, production downtime, 
increased maintenance and repair costs (Chatti et al. 2005, Sloan 2005, Alef et al. 
2018). The monitoring of compressional wave velocity along pipelines can be used to 
detect hydrate formation and serve as a warning system to operators. As can be seen 
from Figure 7-7, a window of 4 h can be achieved before a rapid increase in 
compressional wave velocity is observed. During this time, the operator may take 
precautionary measures such as the injection of hydrate inhibitors to lower the risk of 
hydrate promotion and agglomeration. 
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7.4.2 CO2 hydrate formation in sandstone 
Following on from the CT experiment for imaging the CO2 hydrate formation in 
Bentheimer sandstone, measurements of the compressional wave velocities were 
conducted using the same materials and procedures used in the CT experiments, see 
chapter 7. However, a large Bentheimer core (B3; Table 7-2) was used as the host 
sediment. P-wave velocities through sample B3 were calculated before and after CO2 
hydrate formation and are reported in Table 7-4 and Figure 7-8. Compressional wave 
velocities increased by 7%-8% after CO2 hydrate formation (e.g. from 2880 m/s to 
3100 m/s at 8 MPa confining pressure; Figure 7-8). This observation is consistent with 
the free-floating model (Helgerud et al. 1999, Waite et al. 2009). In this model, the 
floating hydrate is considered part of the pore fluid (and not the rock matrix), thus only 
the bulk modulus of the pore fluid changes (but not that of the rock skeleton) (Waite 
et al. 2009). The free-floating model is applicable for hydrate saturations up to 40% 
(Spangenberg et al. 2005); recall that in CT experiments the hydrate saturation was 
~ 17%. This conclusion is consistent with the CT images, where hydrate layers 
between water and CO2 gas were observed. CO2 hydrate thus has no effect on the 
stiffness of the sedimentary matrix (Brugada et al. 2010).  
During the first stage, the velocity remained stable and did not show a significant 
change until CO2 hydrate nucleation began (Figure 7-9). Increasing velocities 
demonstrated that the hydrate had formed in the pore space. The hydrate formation 
process was completed when the velocities stabilised. The measured P-wave velocities 
before and after hydrate formation are listed in Table 7-4. 
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Figure 7-8 P-wave velocities measured through sample B3 before and after CO2 
hydrate formation as a function of confining pressure (pore pressure = 3 MPa) 
 
Table 7-4 P-wave velocities before and after CO2 hydrate formation in sample B3 
Confining Pressure, MPa 
P-wave velocity before 
hydrate formation, m/s 
P-wave velocity after 
hydrate formation, m/s 
8 2857 3100 
10 2886 3146 
12 2902 3167 
14 2914 3193 
16 2928 3209 
18 2941 3226 
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Figure 7-9 Evolution of P-wave velocity during CO2 hydrate formation in sample 
B3 as a function of (a) temperature and (b) time at 8 MPa confining pressure 
 
 Conclusions 
Hydrate reserves are currently classified as an unconventional energy resource 
although they have the potential to become an alternative resource to meet the growing 
demands. The acoustic method is an important method for the exploration of gas 
hydrate reserves and can be an efficient method to characterise hydrate-bearing 
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sediments. In the present study, the pulse transmission method was used to determine 
the compressional wave velocities of three Bentheimer samples. Thus, new 
compressional wave velocity measurements have been reported for multiple pore 
fillings ranging from dry, brine-saturated, THF brine-saturated, THF hydrate-bearing 
and CO2 hydrate-bearing as a function of confining pressure in consolidated 
sediments. The THF hydrate formation in the pore spaces is indicated by a significant 
increase in velocities; typically they increased by 27.6% and 31.9% compared to a dry 
sample for B1 and B2, respectively.  
Furthermore, P-wave velocities increased by 7%–8% after CO2 hydrate formation, 
which confirms the hydrate free-floating behaviour. This conclusion is consistent with 
the CT images of CO2 hydrate-bearing sandstone (see chapter 6). These free-floating 
hydrates have no significant contribution to the stiffness of the host sediments. 
At the initial stage of hydrate formation, there was no change in the compressional 
wave velocity, which was followed by a steady increase as the hydrate crystals began 
to agglomerate and then increased rapidly to a constant value suggesting that the test 
solution had converted to a hydrate solid. The experimental data of the present study 
will aid in the formulation of geophysical models to determine hydrate content in 
consolidated sediments. Furthermore, the study has given an insight into the use of 
compressional wave velocity to detect hydrate formation in gas production pipelines. 
A window of 4 h was found before high-risk hydrate formation would form that can 
potentially blocking the gas pipelines could occur. 
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 Conclusions and Recommendations 
This chapter introduces the overall conclusions from the studies presented in the 
previous chapters and gives recommendations for potential future research work. 
 Conclusions 
Gas hydrates have continued to be an area of increasing attention because of their role 
as the main flow assurance problem in natural gas production and their importance as 
a potential energy resource. This thesis presents experimental measurements and 
modelling of gas hydrate equilibrium conditions for different gas mixtures containing 
methane, carbon dioxide and nitrogen. In addition, the CO2 existing in consolidated 
sandstone samples have been studied in terms of hydrate morphology, distribution and 
hydrate cluster characteristics. Another study was performed to investigate the effect 
of hydrate formation on compressional wave velocities of consolidated sandstone 
samples.  
Experimental studies using PVT sapphire cell, ultrasonic measurements set-up and X-
ray µCT were conducted to achieve the targets and objectives of this thesis. The study 
consists of five chapters, which are summarised below.    
 
8.1.1 Experimental Determination of Hydrate Phase Equilibrium for Different 
Gas Mixtures Containing Methane, Carbon Dioxide and Nitrogen with 
Motor Current Measurements 
 New hydrate equilibrium measurements of the systems of carbon dioxide + 
methane + water, nitrogen + methane + water and carbon dioxide + nitrogen + 
water were reported at varying temperature and pressure conditions. 
 The comparison between the obtained experimental data and the literature data 
(Jhaveri and Robinson 1965, Adisasmito et al. 1991, Dholabhai and Bishnoi 
1994, Servio et al. 1999, Seo et al. 2001, Nakamura et al. 2003, Mohammadi et 
al. 2005, Beltrán and Servio 2008a, Lu and Sultan 2008, Sabil et al. 2014) 
showed good consistency. 
 Results indicated that the hydrate equilibrium conditions for gas mixtures vary 
depending upon the type of gases in the mixture and their concentrations. 
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Specifically, the hydrate equilibrium temperature increased with increasing CO2 
concentration in the CO2 + CH4 and CO2 + N2 gas mixtures at any given pressure. 
However, increasing N2 concentration in the N2 + CH4 gas mixture reduced the 
hydrate equilibrium temperature at any given pressure. 
 Motor current measurements conducted during the experimental processes 
(formation and dissociation) indicated that the motor current could be effectually 
used as a gas hydrate formation and dissociation parameter, particularly in the 
cases when visual observations are inaccessible. 
 
 
8.1.2 Thermodynamic Modelling and Empirical Correlation for the Prediction of 
Gas Hydrate Equilibrium Conditions  
 A thermodynamic model was developed for hydrate equilibrium conditions and 
cage occupancies for varying gas mixtures containing CH4, CO2 and N2. The 
occupancy results showed that the CO2 stabilised the sI hydrate in the CO2 + CH4 
hydrate system, which confirmed the promotion of hydrate conditions with 
increasing CO2 gas concentration. The proposed model was validated by 
comparison with experimental measurements. The comparison results 
demonstrated that the model could acceptably predict the hydrate equilibria at 
pressures lower than 10 MPa in the CO2 + CH4 hydrate system. Moreover, for 
N2 + CH4 and 64 mol% N2 + 36 mol% CO2 hydrate systems, the model results 
showed good performance when tested with the experimental data. However, for 
74 mol% N2 + 26mol% CO2 hydrate, a considerable deviation was observed 
between the experimental data and model predictions. Therefore, a potential 
structural transformation could occur for this mixed hydrate. 
 A new empirical correlation was developed that can be used for accurate 
prediction of the hydrate equilibrium temperatures. This correlation is applicable 
for a wide range of temperatures, pressures and for gas mixtures containing CH4, 
CO2 and N2 with specific gravities up to 1. This correlation showed excellent 
accuracy compared with the published experimental data and results obtained 
from other hydrate correlations. Thus, it represents a simple, accurate and direct 
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tool for predicting gas hydrate equilibrium conditions in the system that meets 
the above operating conditions. 
 
8.1.3 Experimental Pore-scale Analysis of Carbon Dioxide Hydrate in Sandstone 
via X-Ray Micro-Computed Tomography 
 We studied CO2 hydrate distribution in sandstone and investigated the hydrate 
morphology and cluster characteristics to determine the role that CO2 hydrate  
plays in CGS and natural gas recovery from hydrate-bearing sediments. CO2 
hydrates in Bentheimer were imaged via X-ray µCT. It was found that CO2 
hydrate mainly formed in the centre of the pore bodies, without contacting the 
grain surface, which is consistent with the free-floating model (Zhao et al. 2014, 
Zhao, Yang, et al. 2015). 
 A brine layer existed between the hydrate and the grain surface indicating that 
brine is the wetting phase. 
 CO2 hydrate saturation (17.8%) was observed, which was localised at the brine-
gas interface and exhibited layer-like morphology. 
 It has been shown for the first time how CO2 hydrate clusters are formed, 
distributed and shaped within a sandstone at in-situ conditions of pore-scale. The 
stochastically distributed hydrate clusters followed power-law relations in terms 
of their size distributions (N ∝ V-τ, where N is the number of clusters of size V 
counted and τ is the fitting exponent) and surface area-volume relationships (A 
∝ V-p, where A is the surface area and V is the cluster volume). 
 A τ value of 1.375 for the hydrate cluster size distribution indicated that only a 
few large hydrate clusters were present;  decreased to 1.15 after hydrate 
dissociation due to CO2 being liberated from the hydrates, which then coalesced 
with the existing CO2 bubbles, thus increasing their size. 
 An exponent p ~ 0.75 indicated structures less compact than a sphere (p = 2/3), 
but more compact than percolation-like ramified structures where p  1 (Stauffer 
1979). This has important implications for safe storage in hydrate-bearing 
sediments and gas recovery via CO2-CH4 exchange; such a lower surface area-
volume ratio results in less CH4 production and overall lower CO2 storage 
capacity. 
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 In summary, this study provided a significant contribution to current knowledge 
as it adds to the fundamental  understanding, planning and execution of industrial 
CGS projects via the hydrate-disposal route. 
 
8.1.4 Ultrasonic Measurements of Hydrate-bearing Sandstone 
 The acoustic method is an important method for the exploration of gas hydrate 
reserves and can be used as an efficient method to characterise hydrate-bearing 
sediments. 
 The compressional wave velocities were measured for multiple pore filling 
sandstone samples: dry, brine-saturated, THF brine-saturated, THF hydrate-
bearing and CO2 hydrate-bearing. All velocities were reported as a function of 
confining pressure.  
 The hydrate formation in the pore space was indicated by the significant increase 
in compressional wave velocities. 
 P-wave velocities increased by 27.6% and 31.9% in the THF hydrate-bearing 
sandstone as compared to a dry sample for two sandstone samples. 
 P-wave velocities increased by 7%–8% after CO2 hydrate formation, which 
confirms the hydrate free-floating behaviour. This conclusion is consistent with 
the CT images of CO2 hydrate-bearing sandstone. These free-floating hydrates 
have no significant contribution to the stiffness of the host sediments. 
     At the first stage of hydrate formation, no change in P-wave velocity was 
observed. However, this stage was followed by a steady increase in the velocity 
as the hydrate crystals began to agglomerate and then increased rapidly to a 
constant value indicating that the test solution had converted to a hydrate solid. 
 The results presented in this study will aid in the formulation of geophysical 
models to determine the hydrate content in consolidated sediments. Furthermore, 
the study has given an insight into the use of compressional wave velocity to 
detect hydrate formation in gas production pipelines. 
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 Potential Future Research Work  
On the basis of the findings in this thesis, a number of recommendations are 
proposed for future research work: 
 Further investigation should be conducted to measure gas hydrate equilibrium 
conditions for other types of gas mixtures for a broader range of operating 
conditions (temperature and pressures). 
  Studying the memory effect on the equilibrium conditions of gas hydrate 
containing gas mixtures could explain the reduction in the induction time prior 
to hydrate nucleation process. Various experiments are recommended to 
investigate the memory effect of mixed hydrates under varying conditions for 
hydrate forming methods (isobaric and isochoric). 
 Studying the potential structural transition of some types of mixed hydrates (e.g. 
N2-CO2) using high-speed visualisation techniques such as NMR and X-ray 
diffraction. 
 In the present thesis, we studied CO2 hydrate formation in sandstone. More 
research is needed on the formation and dissociation of multi-component hydrate 
systems in sediments.   
 Studying the influence of wetting properties (contact angle) between gas 
hydrates, liquid and the mineral surface of the hydrate hosting sediments and 
thus their effects on the hydrate nucleation rate. 
 A further study is recommended to use the compressional wave velocity to detect 
hydrate formation in gas production pipelines before blocking the pipeline could 
occur. 
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APPENDIX A: Measured hydrate dissociation data of CO2 + CH4, 
N2 + CH4 and N2 + CO2 
 
Table A- 1 Measured hydrate dissociation data of CO2 + CH4 gas mixture in 
water 
P/MPa 
T/K 
CO2 mol%= 0 
T/K 
CO2 mol%=10 
T/K 
CO2 mol%=16 
T/K 
CO2 mol%=20 
5 279.45 280.55 281.45 282.05 
7.5 283.25 283.95 284.95 285.55 
10 285.75 286.75 287.35 287.95 
15 289.05 289.65 290.55 290.85 
20 291.18 291.8 292.25 292.75 
25 292.95 293.35 293.5 293.95 
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Table A- 2 Measured hydrate dissociation data of N2 + CH4 gas mixture in 
water 
P/ MPa 
T/K 
N2  
mol%= 0 
T/K 
N2 
mol%=10 
T/K 
N2 
mol%=20 
T/K 
N2 
mol%=31 
T/K 
N2 
mol%=36 
5 279.45 278.65 - 277.8 276.75 
7.5 283.25 282.8 282.15 281.6 280.35 
10 285.75 285.15 284.85 284.25 282.95 
15 289.05 288.85 288.25 287.85 286.3 
20 291.18 290.85 290.35 289.85 288.8 
25 292.95 292.75 291.5 291.25 290.15 
 
 
Table A- 3 Measured hydrate dissociation data of N2 + CO2 gas mixture in 
water 
P/ MPa 
T/K 
N2 mol%= 64 
T/K 
N2 mol%=74 
5 277.8 275.75 
7.5 280.1 278.65 
10 281.6 280.6 
15 283.3 282.75 
20 284.45 283.9 
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